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ABSTRACT
STRUCTURAL DESIGN APPROACHES FOR CREATION OF REDUCED FAT
PRODUCTS
SEPTEMBER 2015
BICHENG WU, B.S., ZHEJIANG GONGSHANG UNIVERSITY
M.S., PURDUE UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor D. Julian McClements
In awake of the health issues related with high-calorie diet, there was a strong
focus in the development of reduced-fat products in the food industry. However, fat plays
an important role in determining the quality attributes of food products such as texture,
appearance, flavor and stability, therefore there has been limited success for reduced-fat
products. This thesis project thus targeted liquid and semi-solid products such as
dressings, sauces, and aimed to address problems associated with low-fat by utilizing
structural designed approach.
The first part of this project focused on using controlled aggregation of proteinstabilized lipid droplets to regulate the microstructure and physicochemical properties of
a model system (i.e. mixed food dispersion) containing 2 wt% whey protein isolatestabilized lipid droplets and 4 wt% modified starch (hydroxypropyl distarch phosphate).
There were three mechanisms to induce aggregation: 1) when the pH was around the
isoelectric point (pI) of whey protein (e.g., pH 5), lipid droplets became relatively neutral
and aggregated due to reduced electrostatic repulsion; 2) when the pH > pI, aggregation
can be induced by adding cations (preferably multivalent cations such as Ca2+), due to ion
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binding, charge neutralization and salt bridge formation; 3) when the pH < pI,
aggregation can be induced by adding negatively charged polysaccharides such as
xanthan gum, due to bridge flocculation. After the samples were heated (90 °C, 5 min),
starch granule swelled, and the aggregation had a significant impact on the microstructure
and rheological properties of the system. Extensive aggregation was achieved at pH = pI,
or at high calcium (pH > pI) or xanthan concentrations (pH < pI). In the contrast, the lipid
droplets appeared to coat around the swollen starch granules and formed threedimensional network that trapped starch. Consequently, in spite of the low fat content,
high viscosity, yield stress and shear modulus were obtained due to these unique
aggregated microstructures. This phenomenon was ascribed to the increased effective
volume fraction caused by aggregation. Advantageously, the rheological properties can
be carefully regulated by controlling degree of aggregation which in turn was
manipulated by the pH, ionic strength and/or polysaccharide type or content. However,
the aggregation method required starch acting as inactive filler for this approach to work.
In addition, the hydrolysis of starch granule by salivary α-amylase was known for a
melting mouthfeel.
Therefore, inspired by the functionalities of swollen starch granules, the second
part of the thesis project focused on developing fat/starch mimetics using hydrogel
particles formed by electrostatic complexation of gelatin with polysaccharides such as
pectin. Hydrogel particles were formed by mixing gelatin with pectin at pH values above
the pI of the gelatin (pH 10), followed by acidification to pH 5 (< pI of gelatin). The
biopolymer mixture can thus spontaneously form micron-sized particles due to
electrostatic attraction of cationic gelatin and anionic pectin. Because electrostatic
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complexation is essentially a charge neutralization process and follows nucleation and
growth mechanism, the particle dimension was largely affected by the gelatin-to-pectin
ratio, ionic strength, shear rate, and acidification rate. Due to the thermo-reversible
gelation property of gelatin, the particle morphology was also regulated by the
temperature annealing process (i.e., formation temperature, annealing/reheating
temperature and incubation time). By carefully controlling the processing parameters,
spherical hydrogel particles with similar dimensions to swollen starch granules were
formed. The resulting hydrogel particles were harvested by centrifugation as hydrogel
paste. This gelatin-pectin particle paste provided high yield stress and shear viscosity thus
can be used to provide similar texture properties as swollen starch granules. Meanwhile,
these hydrogel particles can melt at close to body temperature, thus has a great potential
to mimic the melting mouth-feel of fat crystals or starch granules (α-amylase hydrolysis).
In addition to pectin, hydrogel particles can also be formed between gelatin and other
negatively charged polysaccharide. For example, mixing gelatin with octenyl succinic
anhydride (OSA) starch led to formation of spindle to oval shaped particles.
In all, this thesis project may have important implication on designing food
materials with various microstructures and physicochemical properties for improving the
quality of reduced-fat foods, and thereby help tackle health problems associated with
high calorie diet.
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CHAPTER 1
1.

INTRODUCTION

1.1 Introduction
Lipids are a significant part of a consumer’s everyday diet; they are present in a
wide range of processed foods such as sauces, yogurt, cheese, spreads, salad dressings,
gravies, ice creams, chocolate, etc., mostly in the form of emulsions (Sarkar, et al., 2012).
Lipids are a condensed source of energy (4kcal/g), thus over-consumption of lipids is one
of the major causes leading to overweight and obesity in many populations. Overweight
and obesity have been associated with a number of chronic diseases, thus have negative
impacts on the quality of human life, economic productivity and health care costs; in
awake of the problems associated with obesity, there are increased demands from
consumers and governments for reduced fat foods (Malik, et al., 2013). However,
reducing lipid content in foods has had only limited success, mainly because lipids
provide important sensory attributes to food products and reduction of fat thus made
products less attractive.
For emulsion-based food products, the main sensory attributes are appearance,
texture and flavor, which are significantly influenced by the properties of emulsified
lipids. For example, the white, creamy appearance of dairy products is affected by the
concentration and size of the emulsion droplets; high-fat products show rich and gradual
release of flavor; and the viscous texture of mayonnaise provided by fat
(Chantrapornchai, et al., 2001a; de Roos, 2005; Weenen, et al., 2003). These macroscopic
attributes are fundamentally a result of the properties of ingredients at the molecular
level, for example, molecule structure (e.g., size, conformation, polarity and reactivity),
colloidal characteristics (e.g., concentration and interactions), and physicochemical
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features (e.g., optical property) (McClements, 2005a). Therefore, developing a system
that substitutes all the functionalities of fat remains to be challenging task.
Among all the sensory attributes, the awareness of texture is often subconscious if the texture meets our expectations, then we focus more on the taste and aroma of foods.
If, however, the texture fails to live up to our expectations, texture becomes one of the
strongest driving forces in aversion of foods (Engelen, et al., 2012). Therefore, a great
deal of research is devoted to tackle the texture problem associated with fat reduction.
Studies have shown that the fatty, creamy, smooth and thick texture associated with full
fat products are probably related to the bulk rheology, thin-film rheology and colloidal
interaction between food and oral surface (Malone, et al., 2003a). Thus understanding of
the rheological and colloidal properties of the products provides a good guidance for the
rational design of reduced fat products to match the texture of the full fat. However,
unlike non-food applications, in which a large variety of synthetic polymers with welldefined molecular structures and known properties can be used, polymers for food
applications have to be food-grade (Jones, et al., 2010). Consequently, the main
ingredients for fat reduction are limited to natural biopolymers such as proteins and
carbohydrates, as well as certain legally acceptable derivatives (Shewan, et al., 2013).
The molecular structures of these biopolymers can vary appreciably depending on their
biological sources, isolation procedures, and manufacturing processes (Damodaran, et al.,
2008; Dumitriu, 2012). A creative food scientist thus must use a systematic structurefunctional design approach, based on a thorough understanding of the physicochemical
properties and molecular interactions of food-grade ingredients, to develop innovative fat
reduction strategies.
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1.2 Objectives
The overall objective of this research thesis is to develop novel strategies to
reduce fat content in liquid/semi-solid type of products without affecting the texture
quality. The thesis project thus consists two main parts. The first part of the project will
focus on a model sauce system containing emulsified lipid droplets and starch granules.
We will investigate the effect of regulating the interfacial properties of emulsion droplets
on the microstructure of mixed colloidal system, and in turn, the macroscopic properties
of the sauce. The second part of the project will focus on structural design of hydrogel
particles as fat mimetic, which is inspired by the functionalities of swollen starch granule.
In this second part, we will use swollen starch granule as a template and proteins and
polysaccharides as building blocks. We will investigate the factors, including
composition (biopolymer type, ratio, and cross-linking reagent), environmental
conditions (pH, ionic strength), and processing conditions (mixing order, stirring speed,
time and temperature), that impacts formation and the behaviors of the microgels. Their
potential as fat mimetic will be studied.
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CHAPTER 2
2.

LITERATURE REVIEW

2.1 Challenges of developing reduced-fat food

2.1.1 Appearance
The optical property of emulsion-based food products is the first sensory
impression that consumers normally perceived. Therefore, whether the appearance of the
product falls within the expected range largely determines consumers’ acceptance of a
product (McClements, 2002b). For example, products such as soft drinks and fruit
beverages are transparent or slightly turbid, whereas other products such as dressings and
sauces are optically opaque. The appearance of food products can be characterized based
on their opacity, color, surface gloss and homogeneity (McClements, 2005a). Among all
the optical properties, opacity and color can be quantitatively described using tristimulus
color coordinates such as L*a*b* system, hence most widely used for characterization
(McClements, 2002a). In the L*a*b* system, L* represents the lightness (or opacity), a*
represents a red (+) or green (-) direction, and b* represents a yellow (+) or blue (-).
Typically, the color intensity is inversely related to the lightness, i.e., when the lightness
increases, the color appears to fade. The optical properties of an emulsion-based product
are primarily determined by the droplet concentration, size and the refractive index,
which influence the intensity and direction of the light scattering (McClements, 2002b).
Lightness (L*) is also determined by the refractive index difference between the
dispersed and continuous phase. The bigger the difference, the higher the light scattering
efficiency become, hence the higher lightness value. In practice, the refractive index
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contrast can be altered by adding water-soluble solute such as salt or sugar to the aqueous
phase. When the refractive index and concentration of the droplets are constant, the L*
value is strongly affected by the droplet size and has a maximum value at a particular
size. In general, when the refractive index and droplet size are constant, emulsion
lightness (L*) increased as the droplet concentration increases. Therefore, emulsion
products often appear less opaque when fat content is reduced. This change may have an
adverse impact on perceived quality for the products of which opaque, milky and creamy
appearance is expected, for example, sauces.

2.1.2 Flavor perception
Flavor is another important factor determining the perceived quality of food
products. Flavor perception is result from the interactions of food molecules with odor,
taste, trigeminal and tactile receptors in the nose and mouse before, during, and after
mastication (de Roos, 2005; McClements, 2005a). Odor (or aroma) is caused by volatile
compounds transporting via the air to the receptors in the nose; this can occur by sniffing
(i.e., orthonasal olfaction), or when the flavor compounds are released in the mouth
during mastication and transported to the nasal receptors (i.e., retronasal olfaction). Taste
is often caused by non-volatile compounds that dissolved in the saliva and carried to the
receptors in the mouth. These compounds often give sensations such as sweet, salty, sour
and bitter. Trigeminal sensations such as astringency, pungency, and soapiness are also
resulted from compounds interacting receptors in the mouth, which are categorized into
taste in some literature (de Roos, 2005; McClements, 2005a). The other category of
flavor is mouthfeel which comes from tactile sensations. These sensations are the result
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of physical stimulation of receptors in the mouth and allow perception of texture,
structure and temperature (de Roos, 2005). This section will only focus on the influence
of lipids on aroma and taste, and the lipids’ role on mouthfeel will be discussed in the
next section.
For an emulsion-based product, the perception of flavor compounds largely
depends on their precise locations within the food emulsion, and how they are released
and transported to the receptors in nose or mouth. For an emulsion system, flavor
molecules are distributed between four phases: 1) oil phase, 2) oil-water interfacial region,
3) water phase and 4) vapor phase above the emulsion (i.e., headspace) (Baker, 1987;
Bakker, 1995). In a closed environment, flavor compounds are distributed among the four
phases according to their affinity to each of the phases, which can be conveniently
characterized by the equilibrium partition coefficients. Prior to placing a food in the
mouth, volatile flavor compounds that present in the headspace are released during
sniffing and enter the nostril to interact with the receptors in the nose. After placing the
food in the mouth, food is broken down by mastication and diluted by saliva, which
disturbed the equilibrium state of flavor molecules in each phase, driving the masstransport process of flavor release (Taylor, 1996; Taylor, et al., 1996). Hydrophilic, nonvolatile compounds in the aqueous phase of the emulsion move through the emulsionsaliva mixture and reach the receptors in the mouth, responsible for the taste (Buettner, et
al., 2002; Harrison, 2000). Hydrophobic, volatile compounds in the oil droplets, on the
other hand, need to first transport through the interior of droplets, across the interfacial
membrane and into aqueous phase, and subsequently move into the headspace above
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food matrix and eventually reach the receptors in the nose. These compounds are
retronasally perceived as aroma (Buettner, et al., 2002).
Oil content has a significant impact on the perception of aromatic molecules
(Malone, et al., 2000). In the food matrix, increasing oil content solubilize more
hydrophobic aroma molecules in the oil phase, leading to rapid reduction of their
concentration in the aqueous phase and headspace until the compound reaches a
relatively low constant level. Conversely, reducing oil content increases non-polar flavors
in the aqueous phase and headspace leading to a pungent smell (Guyot, et al., 1996;
McClements, 2005b; Miettinen, et al., 2002; Roberts, et al., 2003; van Ruth, et al., 2002).
Even if the amount of flavor compounds are rebalanced to provide the same maximum
aroma intensity as the full-fat product, the low-fat alternative often fail to match the same
aroma perception. One of the major reasons is that lipids affect time-intensity profile of
aroma release. The duration of the aroma release is related to the hydrophobicity and oil
content of the product: the higher the hydrophobicity and oil content, the slow the aroma
release into the aqueous phase and headspace (de Roos, 2005). In full-fat products, aroma
compounds with various degrees of hydrophobicity are released at different rate thus
generating a flavor sensation perceived as rich. Conversely, in reduced-fat products,
lower amount of oil is available to retain the aroma compounds thus lead to the quick
disappearance of the flavor and the lack of richness (Harrison, et al., 1997; Malone, et al.,
2000; van Ruth, et al., 2002). Oil content can also affect the perception of taste, although
taste compounds are usually more hydrophilic and thus much less influenced by lipids
than aroma. In general, reducing fat content leads to decreasing of taste intensity, because
taste compounds become more diluted as the volume of aqueous phase increases.

7

Nevertheless, since high oil content may result to mouth coating which interfere with the
interactions of molecules with receptors in the mouth, in some cases when oil content is
reduced from a high level, taste intensity may actually increase (de Roos, 2005).

2.1.3 Texture
Texture is defined as “the attribute of a substance resulting from a combination of
physical properties and perceived by the senses of touch, sight, and hearing. Physical
properties may include size, shape, number, nature and conformation of constituent
structural elements” (Jowitt, 1974). As can be seen from the definition, texture is in fact a
multi-parameter attribute that can be sensed even before enters the mouth. Textural
attributes are sometime referred as mouthfeel when the bulk of the bolus is still in the
mouth, or called as afterfeel (also, residual) when the bulk of the food has been
swallowed (Engelen, et al., 2012).
Textural attributes are crucial for the recognition of food. When food texture cues
disappear (such as blending fruits or vegetables), studies have shown that correct
identification of the product based on taste and aroma cues were significantly affected
(Engelen, et al., 2012; Schiffman, 1977). Texture is a crucial criterion for acceptance or
rejection of food. If the textural attributes of a food meet our expectations, the taste and
aroma of the food are more focused in evaluating quality of the product; whereas if the
texture attributes failed to meet the expectations, for example few grains of sand in the
spinach, we criticize or reject the food regardless of the quality of flavor or taste
(Engelen, et al., 2012).
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For emulsion-based products, there are a number of attributes that are used to
describe and assess the texture quality of the products, including thickness, creaminess,
smoothness, sliminess, etc. Overall, the content and physical state of the lipid droplet
influence these texture attributes in a number of ways: 1) emulsified lipid acts as a filler,
contributing significantly to the viscosity, results to perceived thickness in a product; 2) it
acts as lubricant and reduced the friction between food and palate, giving rise to a smooth
and creamy sensation; 3) lipid coats the oral surfaces after the food is swallowed,
contributing to the afterfeel; 4) lipids at various physical states have unique thermal
properties that can give warm, melting or cooling mouthfeel to the products (de Wijk, et
al., 2006; Engelen, et al., 2012; McClements, 2005a; Prinz, et al., 2007; Prinz, et al.,
2005; Sarkar, et al., 2012).
The mechanism of lipid droplets’ influence on viscosity of the products has been
well established. The effect of lipid droplet on viscosity and can be understood through
the semi-empirical equation for hard-sphere systems (Quemada, 1977):
!

𝜂! = ! = (1 −
!

!!"" !!
)
!!

,

where 𝜂 is the viscosity of the emulsion suspension, 𝜂! is the viscosity of the
continuous phase, [𝜂] is the intrinsic viscosity, 𝜙!"" is the effective volume fraction of the
emulsion droplets, and 𝜙! is the critical packing parameter that is related to the volume
fraction at which the particles become close packed. The value of 𝜙! is about 0.64 for
monodispersed hard spheres, but may be higher than this value for polydispersed system,
since small particles can fit into the spaces between large particles (Servais, et al., 2002).
This equation indicates that viscosity is highly related to the volume fraction of emulsion
droplets. As can be seen from Figure 2.1, the shear viscosity increases with increasing
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volume fraction, gradually at first and then steeply as the droplets become more closely
packed. This model explains the reason for the thicker texture perceived for the full fat
products. After the volume fraction of emulsion droplets exceed the critical point (i.e.,
𝜙! ), due to the deformable nature of emulsion droplets, the emulsion suspension exhibits
solid-like characteristics - this state is defined as jamming (van Hecke, 2010). The system
can start flow again when a stress is applied and exceed a critical point (i.e., yield stress),
and this process is thus referred as jamming transition. (Menut, et al., 2012; Miguel,
2006).
The lubrication effect of fat also contributes to the texture characteristics of a full
fat emulsion-based food. One main mechanism for the lubrication effect of fat is ascribed
to coalescence of emulsion in the mouth (Dresselhuis, et al., 2007; Sarkar, et al., 2012).
Coalescence of emulsion is induced by a number of mechanisms: 1) mechanic force
during oral processing increases the frequency of droplets colliding with each other,
which enhances the chance of droplets to coalescent; 2) droplets are forced to spread over
the oral surface when food is manipulated in the mouth, during which emulsion droplets
show wetting characteristics to minimize interfacial tension, leading to coalescence; 3) air
is incorporated with the food matrix during mastication causing the oil droplets to spread
on the air-aqueous interface; 4) saliva-emulsion interaction destabilize emulsion due to
the change of ionic strength and pH as well as the release of proteins such as mucin
during salivation (Prinz, et al., 2005; Sarkar, et al., 2012; Weenen, 2005). Since fatrelated texture attributes (e.g., creaminess and smoothness) correlates the friction forces
sensed between the tongue and palate, the function of occurrence of coalescence is to
reduce friction (de Wijk, et al., 2005; Malone, et al., 2003b). Upon coalescence, the
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enlarged oil droplets coated on the oral surface. The thickness of oil deposition is
primarily determined by the amount of oil, which has a direct impact on the perceived
intensity of mouthfeel perception of fatty texture (Kupirovic, et al., 2012). It has been
proposed that at high oil concentration, O/W emulsion in the confined space between
mouth and palate may invert to W/O emulsion; as oil becomes the continuous phase,
lubrication properties between the contact surfaces are enhanced (Reich, et al., 2004;
Tieu, et al., 2007). In addition, during mastication (shearing), the presence of the enlarged
oil droplets contributes to an increased hydrostatic pressure between the palate and
tongue. This keeps the palate and tongue apart and thus lowers the friction. It should be
noted that deposition of lipid on the oral surface not only contribute to the fatty mouthfeel
by reducing friction, it also attributes to the afterfeel when the food is swallowed
(Engelen, et al., 2012).
Last but not least, fat has distinctive thermal properties that impart unique texture
attributes to products. Fat in some products (e.g., butter, chocolate, etc.) is in crystal
form, which melts when these products are placed in mouth. Due to endothermic
enthalpy change, these products attribute to cooling sensation (Walstra, 1987). The
melting of fat crystals is also correlated with enhanced creamy mouthfeel (Weenen,
2005). In addition, it was found that the perceived temperature of foods correlated
strongly with fat content, indicating that the sensory differences between foods with
varying fat contents can be easily detected. This is because fat content affects the thermal
conductivity of the food and lips and oral mucosa are highly sensitive the temperature
changes. For example, food with high fat content heats more slowly and is perceived
warmer than a low fat food (Prinz, et al., 2007; Weenen, et al., 2003).
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2.2 Available approaches for reduced-food development

2.2.1 Fat substitutes
Fat substitutes are fat-based macromolecules that physically and chemically
resemble triglycerides (conventional fats and oils). These ingredients can theoretically
replace the fat in foods on a one-to-one, gram-for-gram basis. Since they cannot be
absorbed, fat substitutes function as conventional fats and oils and reduce overall calorie
in-take (Akoh, 1998).
There are two categories of fat substitutes: chemically synthesized or derived
from conventional fats and oils by enzymatic modification. The products that are
commercially available for each category are Olestra and SALTRIM, respectively (Akoh,
1998; Akoh, et al., 2008). Olestra is a sucrose fatty acid polyester formed by chemical
transesterification or interesterification of sucrose with six to eight fatty acids (Bimal, et
al., 2006; Fouad, et al., 2001; Prince, et al., 1998). Olestra is stable at cooking and frying
temperatures, thus has been applied to replace conventional fat in savory snacks and
frying oil for savory snacks (e.g., potato chips). It is non-caloric because the large size
and number of nonpolar fatty acid groups cannot be hydrolyzed by digestive lipases
(Akoh, 1998). However, consumption of this non-digestible fat substitute has raised
serious health concerns: olestra passes through the gastrointestinal tract intact which
resulted to abdominal cramping and stool softening or loosening; it is lipophilic, so
olestra can solubilize essential lipophilic vitamins and nutrients and affect their
absorption. Consequently, FDA (Food and Drug Administration) requires that products
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containing Olestra must be labeled to inform the consumers about this potential adverse
effect (Akoh, 1998; Akoh, et al., 2008; Bimal, et al., 2006).
SALATRIM is a family of structured triglycerides consisted of a long-chain
saturated fatty acids (mostly stearic) and short-chain fatty acids (acetic, propionic and/or
butyric) randomly esterified to the glycerol backbone (Smith, et al., 1994). SALATRIM
has tunable functional and physical properties (e.g., melting points and hardness) by
controlling the composition of short- and long- chain fatty acids; it also accounts for only
half of the calorie for conventional fats, because steric acid cannot be absorbed
completely and short-chain fatty acids have a much lower caloric value than long chain
fatty acids (Akoh, 1998; Smith, et al., 1994). The main drawback, however, is that it is
not suitable for frying (Akoh, 1998; Akoh, et al., 2008; Smith, et al., 1994).

2.2.2 Thickening agents

2.2.2.1 Starch-based food mimetics
Starch has been widely used in many reduced fat products, such as yogurt, cheese
and sauces (Beggs, et al., 1997; Kao, et al., 2006; Lee, et al., 2013; Mounsey, et al., 2008;
Sandoval-Castilla, et al., 2004; Sikora, et al., 2008; Sipahioglu, et al., 1999). Compare to
fat, starch has a lower calorie density (4 kcal/g), thus is believed to lower the calorie
intake (Akoh, 1998). Native starch has been used in food systems to a limited degree
because it is sensitive to processing conditions, and retrogradation process of starch with
high amylose content can result to undesirable properties to food products (Wurzburg,
2006). To expand the usefulness of starches, various technologies have been developed to

13

modify the properties of starch, such as acid/enzymatic hydrolysis, oxidation,
crosslinking, and substitution (Wurzburg, 2006).
There are two important attributes of the modified starch that made it a popular
ingredient to replace fat. First of all, the starch granules swell after heating. As discussed
in section 2.1.3, swollen starch granules contribute significantly to the effective volume
fraction of particles in the system and thus increase the viscosity of the system (Rao,
2014). The thickening effect of starch also acts to stabilize the emulsion suspension with
low fat content (McClements, 2005a). For example, study has shown that without the
addition of starch, emulsion droplets with 2 wt% oil were prone to creaming rapidly (Wu,
et al., 2013c). Secondly, when food is consumed, starch can be hydrolyzed by α-amylase
in the saliva (Butterworth, et al., 2011). This process has important consequences on
texture perception. The structure breakdown of starch granule leads to a melting
sensation; the size reduction of swollen starch particles also enhances the creaminess
mouthfeel (Sarkar, et al., 2012; Weenen, 2005). In addition, hydrolysis of starch also
liberates fat from the starch-stabilized food matrix and migrates to the surface of the
bolus; when in contact with the oral surface, the liberated fat reduces the friction, hence
the perceived creamy texture (de Wijk, et al., 2005; Weenen, 2005).
Although using modified starch as fat mimetic has shown satisfying result of
improved texture quality for reduced-fat products, starch does not help overcome other
sensory problems (de Wijk, et al., 2003). In addition, consumption of starch has also
raised health concerns as starch decrease satiety, meaning that it may actually cause one
to take more food (calorie). Rapid digestion of starch also resulted to sudden increase of
blood glucose level, a sign often associated with diabetes (Van Kleef, et al., 2012).
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2.2.2.2 Non-starch biopolymers
Non-starch biopolymers such as protein and hydrocolloids (polysaccharides) have
also been used as fat mimetics for reduced fat products. Protein has similar calorie
density as starch (4kcal/g), but it increases satiety to a greater extent than starch or fat.
Most of the non-starch hydrocolloids (dietary fibers) cannot be digested, thus do not
contribute to calorie intake; they also help in-duce satiety at a short-term due to increased
viscosity, bulking, water-binding in the proximal gastrointestinal tract (Van Kleef, et al.,
2012; Wanders, et al., 2011). These biopolymers act as thickener or gelling agents in
foods, thus help improve texture quality for the reduced fat products. The gelling and
thickening capability of the non-starch hydrocolloids will be discussed in detail in
Section 2.2.3.2.1 below. Addition of these ingredients also increases the water holding
capacity, which contributes to a moist and juicy mouthfeel typically associated with highfat foods (Akoh, 1998; Dhingra, et al., 2012).
Numerous studies have used polysaccharides in fat replacing systems and shown
similar or improved sensory qualities as the full fat. These ingredients can be used alone
or in combination with other biopolymers to achieve synergistic effect (Akoh, 1998;
Karaca, et al., 2009; Lee, et al., 2013; Sandoval-Castilla, et al., 2004; Thakur, et al.,
1997). Dietary fiber has been used in products such as yogurt, chees, ice cream, sauces
and even processed meat products, where they served to increase viscosity, improve
emulsion, foam and free/thaw stability, control melting properties, reduce syneresis,
promotes formation of smaller ice crystals and so on (Alexander, 1997; Ciron, et al.,
2011; Dhingra, et al., 2012; Gamonpilas, et al., 2011; Heyman, et al., 2010; Karaca, et al.,
2009; Verma, et al., 2010).
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Whey protein (see in Section 2.2.3.2.1 below) and gelatin are among the most
notable protein-based fat mimetics. Similar to other biopolymer-based fat replacers,
gelatin has thickening and gelling abilities, thus it is a well-established fat mimetic in
products such as yogurt, sauces, dressings, desserts, and ice cream (Roller, et al., 1996).
In addition to that, gelatin has a unique property that it melts at around body temperature,
which makes it especially useful to mimic the melting mouthfeel of fat in products such
as low-fat spreads (Djagny, et al., 2001; Roller, et al., 1996).

2.2.3 Microstructural approach
Replacing fat has shown to be a challenging task, giving a complex system that
food is and the multiple roles fat plays in determining the sensory qualities of a product.
In order to find a healthy and efficient way to design low calorie food that consumers
like, more and more food scientists and engineers endeavor to elucidate the fundamental
structure-function relationship of food materials in foods and to achieve desirable
macroscopic properties through creating novel microstructures (Aguilera, 2005; Koc, et
al., 2013; Le Révérend, et al., 2010).

2.2.3.1 Controlled aggregation
Controlled aggregation (also called flocculation) of colloidal particles has been
widely used in non-food science applications such as controlling the rheological
properties of ceramics and encapsulating and targeted delivery of biomolecules
(Lemmers, et al., 2010; Piechowiak, et al., 2012).
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Aggregation (or flocculation) of emulsion droplets is often considered
undesirable, since it leads to creaming and thus affects the stability of a product
(McClements, 2005a). However, in a product with concentrated colloidal particles,
aggregation forms a three-dimensional network that inhibits droplet movement, and leads
to increased viscosity and even gel-like structure (Mao, et al., 2012d). This is because an
aggregated colloidal system has a higher effective volume fraction than the unaggregated due to the continuous phase trapped within the floc structure. In addition,
shear-thinning behavior is observed in aggregated emulsion system, due to deformation
and breakdown of the floc structure under high shear stress (Mao, et al., 2013b;
McClements, 2005a). Therefore, attempts have been made to investigate the potential of
controlled aggregation of emulsion droplets on improving texture properties for reduced
fat products (Mao, et al., 2011, 2012a, 2012b, 2012c, 2012d)
The principle to control emulsion aggregation is through regulating interfacial
properties of the emulsion droplets and induce electrostatic attraction between the
colloidal particles (Mao, et al., 2013b). Protein-based emulsifier has demonstrated to be
an outstanding emulsifier for fabricating aggregated system for controlling texture, since
the electrostatic properties of the emulsion droplets can be conveniently regulated by
controlling the pH. The protein-stabilized emulsion droplets carry positive, negative or
neutral charges when the pH below, above or equal to the protein’s isoelectric point (pI),
respectively. As a result, droplet aggregation can occur among the same type of droplets,
with droplets stabilized with a different emulsifier or with oppositely charged
biopolymers, by carefully controlling the pH, ionic strength, and the ingredients. For
example, droplets self-aggregation can be induced by adjust the pH to pI of the protein
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emulsifier due to reduced electrostatic repulsion (Wu, et al., 2013c). Alternatively, ions
such as calcium can be added to induce aggregation of negatively charged droplets (Wu,
et al., 2013b). Hetero-aggregation of droplets can be achieved by mixing positively
charged droplets with negatively charged polysaccharides (e.g. pectin, etc.)(Simo, et al.,
2012) or oppositely charged droplets (Mao, et al., 2011, 2012a, 2013a).

2.2.3.2 Hydrogel particle formation
Hydrogel microspheres are suspensions of microscopic “soft” spheroidal-shaped
particles that are comprised of cross-linked polymeric molecules (Fernandez-Nieves,
2011). They combine the useful functional properties of conventional macroscopic gels
and of colloidal dispersions. Knowledge in macrogel formation and in colloidal chemistry
can therefore be utilized to facilitate the rational design of hydrogel microspheres.
Hydrogel microspheres with a wide range of microstructures, rheological properties, and
responses to external stimuli (e.g., pH, temperature, ionic strength, osmotic pressure,
enzyme activity, and mechanical stresses) can be formulated. The tunable nature of the
physicochemical properties of hydrogel microspheres makes them ideal candidates for
texture control, microencapsulation, and/or targeted delivery. These beneficial attributes
of hydrogel microspheres have attracted considerable interest for various industrial
applications including pharmaceuticals, cosmetics, personal care products, and foods
(Fernandez-Nieves, 2011; Jones, et al., 2010; Matalanis, et al., 2011; Stokes, 2011).
In this section, we give a brief overview of the fabrication, properties and
applications of hydrogel microspheres in foods, starting from the selection of ingredients,
continuing with the fundamental principles of particle formation, and finishing with
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discussions about some key applications that exploit the unique features of hydrogel
microspheres.

2.2.3.2.1 Hydrogel microsphere ingredients
2.2.3.2.1.1 Proteins
Proteins are highly complex biopolymers, made up of 20 common amino acids
linked through peptide bonds (Damodaran, et al., 2008). At the molecular level, the
amino acid composition and sequence ultimately determine the size, tertiary structure,
molecular rigidity, charge characteristics, hydrophobicity, and chemical reactivity of
proteins. The conformation adopted by a protein in its natural functioning state (“native
state”) is usually assumed to be the one with the lowest free energy. However, the
proteins in foods often exist in one or more states (“metastable states”) that are
considerably different from their native state due to exposure to processing or storage
conditions, such as solvent quality, ionic strength, pH, temperature or mechanical forces.
In general, the conformations typically adopted by food proteins can be categorized into a
number of different classes including globular, rigid rod, and random coil (Table 2.1)
(Damodaran, et al., 2008; Jones, et al., 2010; Matalanis, et al., 2011). In selecting an
appropriate food protein for forming hydrogel microspheres, a number of attributes must
be considered:
Response to temperature. Knowledge of the thermal properties of proteins is
important because it plays a critical role in the fabrication and utilization of many types
of hydrogel microspheres. When a protein is heated above its melting temperature (Tm),
which may also be known as its thermal denaturation temperature (Td), the protein
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undergoes changes in its conformation and functional properties (Abd El-Salam, et al.,
2009). These changes may either be reversible or irreversible depending on protein type
and environmental conditions. For example, whey protein microspheres can be produced
through thermal treatment under appropriate conditions. When globular whey proteins
(such as b-lactoglobulin) are heated above their Tm values, they expose non-polar and
sulfhydryl groups leading to aggregation through hydrophobic and disulfide interactions
(Abd El-Salam, et al., 2009; Konrad, et al.; Nicolai, et al., 2011). Nevertheless, the
solution conditions must be carefully controlled to create stable microspheres, e.g., pH,
ionic strength, temperature profile, and protein concentration (Jones, et al., 2011). The
denaturation of whey proteins is usually irreversible so that once the particles are formed
they remain stable to subsequent temperature changes. This type of attribute may be
useful in applications where an active agent should remain encapsulated and protected at
elevated temperatures (Matalanis & McClements, 2012). Conversely, gelatin is able to
form reversible hydrogel microspheres due to the ability of the gelatin molecules to
undergo a reversible helix-to-coil transition (Antonov, et al., 2012). At temperatures
above Tm, gelatin molecules have a random coil structure and do not associate with each
other, but when the temperature is lowered sufficiently below Tm they have a helical
structure and associate with each other through hydrogen bonds. Thus, hydrogels can be
formed by cooling gelatin below its melting temperature, but they will melt again once
they are heated above Tm. This characteristic may be useful for producing hydrogel
microspheres with release characteristics or rheological properties that response to
specific temperature changes. For example, gelatin is used to form microspheres for
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frozen baked foods that release encapsulated flavor compounds upon microwave heating
(Yeo, et al., 2005).
Electrical properties. The electrical properties of proteins are mainly determined
by their amino acid sequence and the pH of the surrounding solution (Damodaran, et al.,
2008). When the pH is above the isoelectric point (pI) of the protein, the amino (-NH3+
→ NH2) and carboxylic (-COOH → -COO-) groups are deprotonated and thus the
protein has net negative charge. Conversely, when pH < pI, the carboxylic (-COO- → COOH) and amino (-NH2 → NH3+) groups are protonated and so the protein carries a
net positive charge (Damodaran, et al., 2008). At the isoelectric point, there is a balance
of negative and positive groups and so the net charge is zero, but it is important to
recognize that there are regions of cationic and anionic patches on the protein surface,
which is important for electrostatic interactions with other charged species (Kizilay, et
al., 2011; Seyrek, et al., 2003). This electrical characteristic of the protein can be
conveniently established by measuring its ζ-potential as a function of pH (Matalanis, et
al., 2011). Due to their electrical charge characteristics, proteins can be involved in
attractive and/or repulsive electrostatic interactions with other charged components in
solution (e.g., other proteins, polysaccharides, salts, antioxidants, pro-oxidants etc.). The
aggregation characteristics of proteins are also strongly dependent on their pH values
(Jones, et al., 2010). Many proteins are stable to aggregation at pH values far from the pI
because of the strong electrostatic repulsion between them, but aggregate at their
isoelectric point due to the lack of this strong repulsive force. This information is
particularly useful for assembling hydrogel microspheres from certain types of proteins.
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Reactivity to other conditions. It is also important to be aware of the protein’s
sensitivity to other components in the environment, such as ionic strength, chemical
cross-linking agents, or specific enzyme activity. The presence of sufficiently high levels
of monovalent or multivalent ions in aqueous solutions can affect protein functionality
due to charge neutralization (through ion binding or electrostatic screening) and/or salt
bridge formation (McClements, 2005a). Cross-linking agents can be used to stabilize
hydrogel microspheres during formation or to tailor their functional properties after
formation (Buchert, et al., 2010; Strauss, et al., 2004; Xiao, et al., 2014b). Cross-linking
can be achieved through enzymatic (e.g., transglutaminase, laccase, and peroxidase, etc.)
or non-enzymatic reactions (e.g., genipin, polyphenols, and Maillard reaction, etc.). Many
of these cross-linking reactions require specific reactive groups such as glutamine, lysine,
tyrosine and cysteine, therefore it is important to ensure the cross-linking agent selected
is suitable for the protein and that the protein has the required amino acid residues
available for reaction (Buchert, et al., 2010). The relative sensitivity of proteins to
degradation by specific chemicals or enzymes is also important for designing systems
that should remain stable under a certain set of conditions, but release any encapsulated
components under other conditions. For example, proteins have different sensitivity to
hydrolysis by digestive proteases (such as pepsin, trypsin, or chymotrypsin), which is
important for creating delivery systems for gastrointestinal applications (Malaki Nik, et
al., 2010).

2.2.3.2.1.2 Polysaccharides
Polysaccharides are typically long-chain polymers of monosaccharides joined by
glycosidic bonds (BeMiller, 2007; Damodaran, et al., 2008; Stephen, et al., 2010). The
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composition, sequence and bonding of the monosaccharide units ultimately determines
their molecular characteristics, such as molecular weight, conformation, branching,
flexibility, polarity, and electrical characteristics. Differences in the molecular
characteristics of polysaccharides lead to differences in their functional attributes, such as
solubility, water holding capacity, surface activity, binding characteristics, digestibility,
gelling, and thickening (Table 2.2).
One of the most important attributes of polysaccharides for the fabrication of
hydrogel microspheres is their ability to form gels. For food-grade polysaccharides,
gelation is typically initiated by two main mechanisms: temperature-induced (cold-set or
heat set) and salt-induced (Burey, et al., 2008). In selecting an appropriate polysaccharide
for forming hydrogel microspheres, it is essential to understand their molecular attributes
and gelation mechanism:
Temperature. Many polysaccharide-based gelling agents undergo a helix-torandom coil transition when the temperature is above a critical temperature (Tm). As the
system cools, both intra-and inter-chain hydrogen bonds are formed, leading to a threedimensional polymer network, which is referred to as cold-set gelation (Burey, et al.,
2008). Many polysaccharides form hydrogels by this mechanism, including carrageenan,
agar, and pectin (Nishinari, et al., 2003; Saha, et al., 2010; Thakur, et al., 1997). Heat-set
gelation may occur by two main mechanisms for polysaccharides: (i) an increase in the
effective volume occupied by the polysaccharides due to heating (e.g., swelling of starch
granules); (ii) an increase in the attractive forces between polysaccharides at elevated
temperature (e.g., hydrophobic attraction between some cellulose derivatives) (Burey, et
al., 2008; Nishinari, et al., 2004; Saha, et al., 2010).
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Electrical properties. The electrical characteristics of polysaccharides are
determined by the presence of any ionizable groups, as well as by the pH of the
surrounding solution. Common ionizable groups on polysaccharides include carboxyl
groups, sulfate groups, and amine groups (Jones, et al., 2010). Many common foodgrade polysaccharides only contain one major type of ionized groups, which can be
characterized by a single dissociation constant (pKa value). The pKa value is the pH
where the molecule has on average 50% charged groups and 50% uncharged groups.
Anionic polysaccharides containing carboxyl or sulfate groups (e.g., pectin and
carrageenan) are negative when the pH is above their pKa (-COO- or -SO4-), and neutral
when the pH is well below the pKa (-COOH or - SO4H). Cationic polysaccharides
containing amine groups (e.g., chitosan) are positive when the pH is below their pKa (NH3+), and neutral when the pH is above the pKa (-NH2). Neutral polysaccharides do not
have ionizable groups, e.g., cellulose and starch (BeMiller, 2007). The presence of
charged groups is important for assembling hydrogel microspheres through inotropic
gelation, in which a three-dimensional hydrogel network is formed via cross-linking
charged polysaccharide chains with oppositely charged ions (Rinaudo, 2006). Many
polysaccharides gel through this ion-mediated mechanism, including alginate, xanthan,
carrageenan, and pectin. For example, anionic alginate molecules gel rapidly when they
come into contact with divalent cations (such as calcium), forming “egg-box” shaped
junction zones (Burey, et al., 2008; Grant, et al., 1973; Saha, et al., 2010; Sikorski, et al.,
2007). This mechanism has been widely used to form alginate hydrogel microspheres (Li,
Hu, et al., 2011; Paques, et al., 2013; Strasdat, et al., 2013). Gelation induced by
electrostatic bridging is not only limited to self-association of ionic polysaccharides, it is
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also important in mixed systems containing oppositely charged biopolymers (Banerjee, et
al., 2012; Belscak-Cvitanovic, et al., 2011; de Kruif, et al., 2004; Espinosa-Andrews, et
al., 2007; Rinaudo, 2006).
As well as the sign of the charge, the linear charge density is another
important aspect of the electrical characteristics of polysaccharides. Studies on proteinpolysaccharide combinations suggest that the charge density plays an important role in
determining the strength of electrostatic interactions between two biopolymers, as well as
the microstructure and rheological properties of the gel formed (de Jong, et al., 2007; de
Kruif, et al., 2004; Dickinson, et al., 1997; Drohan, et al., 1997; Lizarraga, et al., 2006;
Roesch, et al., 2004; Surh, et al., 2006; Zhang, et al., 2014).

2.2.3.2.2 Principles of hydrogel microsphere formation
Both molecular and colloidal interactions are important for the formation of stable
hydrogel microspheres. Molecular interactions are important in the formation of the
internal hydrogel structure, whereas colloidal interactions are important in determining
the aggregation stability of the hydrogels microspheres. There are some similarities and
differences in the origin and nature of molecular and colloidal interactions (Israelachvili,
2011), with the most important being van der Waals, steric, hydrogen bonding,
hydrophobic, and electrostatic interactions. These interactions can be regulated by
controlling environmental conditions (such as temperature, pH, ionic strength, and
solvent type), which gives one some control over the responses of hydrogel microspheres
to environmental stimuli: swelling/shrinking, erosion, and disintegration (Jones, et al.,
2010). In this section, we highlight some of the approaches that can be used to form
hydrogel microspheres based on knowledge of the molecular and colloidal interactions
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involved. These particle formation approaches can be classified according to whether the
interactions between the biopolymers are attractive or repulsive.

2.2.3.2.2.1 Single biopolymer
When a biopolymer is dissolved in a good solvent, the interaction between
segments of biopolymer and solvent molecules are favorable, thus forming a miscible
homogeneous solution. When the environmental conditions are changed so that polymerpolymer interactions are favored, phase separation can occur leading to a polymer-rich
phase and a solvent-rich phase (Walstra, 2002). Single biopolymer self-association can be
induced by changing system conditions to increase the attractive interactions between the
biopolymer molecules. As mentioned earlier, globular proteins can be made to aggregate
by elevating the temperature above Tm to promote protein unfolding and increased
hydrophobic and disulfide interactions. Conversely, some proteins (e.g., gelatin) and
polysaccharides (e.g., carrageenan) undergo coil-to-helix transitions when the
temperature is reduced below their Tm values which promotes aggregation through interchain hydrogen bonding. Self-association can also be induced by addition of mineral
ions such as calcium through electrostatic interaction as discussed in Section 2.2.3.2.1
(Giroux, et al., 2010; Li, Hu, et al., 2011; Murekatete, et al., 2014; Schmitt, et al., 2010;
Sikorski, et al., 2007; Strasdat, et al., 2013). Self-association may also be induced by
enzymatic or chemical cross-linking to form covalent bonds between polymers, e.g.,
proteins can be cross-linked by transglutaminase (Matalanis, et al., 2013) or phenolic
compounds (Prodpran, et al., 2012; Strauss, et al., 2004), while some polysaccharides can
be cross-linked by laccase (Zeeb, et al., 2014). Alternatively, biopolymer self-association
can occur when solvent quality is changed, so that solute-solute (in this case, biopolymer-
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biopolymer) interactions are more favored than solvent-solute interactions. This can be
achieved by changing the solvent composition, such as adding a non-solvent to the
solution (Joye, et al., 2013). For a polar biopolymer (e.g., gelatin, caseinate, BSA, etc.),
alcohol can be added to the aqueous biopolymer solution, which ruptures hydrogen bonds
between water molecules and the biopolymers, and thus promotes biopolymer selfassociation (Arroyo-Maya, et al., 2012; Joye, et al., 2013; Mohanty, et al., 2003;
Sripriyalakshmi, et al., 2014). For a non-polar biopolymer such as gliadin or zein, on the
other hand, self-association can be achieved by first dissolving the biopolymer in an
organic solvent (such as ethanol) followed by addition of a polar antisolvent (such as
water) (Duclairoir, et al., 1998; Joye, et al., 2013; Matalanis, et al., 2011). A number of
these approaches can be combined to fabricate hydrogel microspheres with tailored
physicochemical properties.

2.2.3.2.2.2 Mixed biopolymers: complex coacervation
Hydrogels can also be formed due to aggregation of two or more different types
of biopolymer (Birch, et al., 2014; de Kruif, et al., 2004; Espinosa-Andrews, et al., 2007;
Sandoval-Castilla, et al., 2010). Many of the self-association mechanisms mentioned for
single biopolymers are also important for mixed biopolymers, including hydrogen
bonding, hydrophobic interactions, electrostatic attraction, and chemical/enzymatic
crosslinking. Among various biopolymer combinations, the most common are the ones
involving two oppositely charged polymers that form complexes through electrostatic
interactions. This process leads to a macroscopic phase separation resulting to a polymerrich phase that contains both polymers and a solvent-rich phase that is depleted in both
polymers (Figure 2.2b). Bungenberg de Jong, et al. (1929) coined the name “complex
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coacervation” for such interaction. Protein-polysaccharide and protein-protein complex
coacervation has gained great interest from food researchers due to the versatile
functionalities and physicochemical properties theses coacervates have compared to
single biopolymers (Schmitt, et al., 1998). There are also some studies focused on
polysaccharide-polysaccharide coacervates (Espinosa-Andrews, et al., 2007; Li &
McClements, 2011; Liu, et al., 2008), but they all require chitosan as one of the
components. This is probably because most food-grade polysaccharides are either
negatively charged or neutral, whereas chitosan is positively charged. However, it should
be noted that chitosan is not a generally recognized food ingredient in many countries
(Sarmento, 2012).
Complex coacervates can be formed directly by mixing two oppositely charged
biopolymers together, however it is often difficult to control the properties of the
hydrogel microspheres formed due to the rapid nature of the process (Turgeon, et al.,
2009). A common alternative is to mix the biopolymers at a pH where they both have
similar charges to ensure homogeneous mixing, and then adjust the solution to a pH
where they are oppositely charged to form coacervates (Wu, et al., 2014). In this case, it
is necessary to know the electrical properties of both biopolymers so that appropriate
starting and ending pH values can be established. This can be achieved by measuring the
ζ-potential of both biopolymers as a function of pH (Wu, et al., 2014).
Studies have demonstrated that complex coacervation involves a nucleation and
growth mechanism (Kizilay, et al., 2011; Turgeon, et al., 2007; Wu, et al., 2014). For
example, as the pH of a protein and anionic polysaccharide mixture is decreased, the
system first forms soluble complexes that merge together and form coacervates or

28

precipitates, which then “dissolve” when the pH is decreased sufficiently below the pKa
of the polysaccharide (Jones, et al., 2010; Kizilay, et al., 2011; Turgeon, et al., 2007; Wu,
et al., 2014). The degree of coacervation is usually highest when the system is at charge
neutrality, which indicates that this phenomenon is mainly governed by electrostatic
attraction between the two biopolymers (de Kruif, et al., 2004; Kizilay, et al., 2011;
Schmitt, et al., 2011). As a result, any conditions that alter the electrostatic interactions
will affect the nucleation process, e.g., pH, ionic strength, biopolymer charge, and
biopolymer mass ratio. The nucleation process can be visualized by tracking the turbidity
and the microstructure changes over time (Nicolai, et al., 2011; Wu, et al., 2014). The
physicochemical properties of coacervates may also be influenced by other factors,
including temperature and shear rate during formation (Schmitt, et al., 1998; Schmitt, et
al., 1999; Schmitt, et al., 2011). Thereby, all these factors should be carefully considered
when fabricating hydrogel microspheres with desirable functionalities using coacervation.

2.2.3.2.2.3 Repulsive Interactions
When the mixed biopolymers in a solution have sufficiently strong repulsion,
their intimate mixing is thermodynamically unfavorable and the solution separates into
two phases; with each phase being rich in one type of biopolymer and depleted in the
other (Jones, et al., 2010; Matalanis, et al., 2011). This strong repulsive force is usually
caused by a steric exclusion effect, which often occurs when the biopolymer
concentration exceeds a certain level. If the mixture is left undisturbed, bulk phase
separation occurs (Figure 2.2e), and the location (upper or lower layer) of biopolymers is
determined by their density difference (Jones, et al., 2010; Matalanis, et al., 2010). When
the mixture is sheared, “water droplets” rich in one biopolymer are formed (Figure 2.2f)
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that are dispersed within a water phase rich in the other biopolymer (Norton, et al., 2001).
These systems are therefore often referred to as water-in-water (W/W) emulsions because
they have some structural features similar to oil-water emulsion (O/W) emulsions.
Nevertheless, the W/W interfacial tension is several orders of magnitude lower than the
O/W interfacial tension, and there is no comparable “emulsifier” available to stabilize the
system (Jones, et al., 2010; Shewan, et al., 2013). Consequently, gelation mechanisms are
required to stabilize the structure of the microspheres formed, e.g., temperature alteration,
mineral addition, pH changes, or chemical/enzymatic cross-linking (Matalanis, Decker, et
al., 2012; Williams, et al., 2001).

2.2.3.2.2.4 Shaping of hydrogel particles by shearing
Shearing is often an important operation during the production of hydrogel
particles. Shearing is applied during the gelation of some biopolymers to prevent the
formation of a macroscopic gel that would occur if the system were left under quiescent
conditions (Figure 2.2b, f). Shearing facilitates the distribution of all the components
(biopolymers and/or gelling agents) in a solution, and also determines final particle size
by influencing the balance between droplet formation and breakup (Fernández Farrés, et
al., 2014; Jones, et al., 2010; Shewan, et al., 2013). As a consequence, shearing can affect
the size and shape of the hydrogel particles, which will influence their rheological and
release properties. For example, by controlling shearing rate and gelation rate, kappacarrageenan particles with different size and shape have been produced (Gabriele, et al.,
2009).
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2.2.3.2.3 Applications of hydrogel particles
2.2.3.2.3.1 Texture control
The rising incidence of overweight and obesity in many developing and
developed countries, especially among children, has led to an increased demand for high
quality low-calorie food products from consumers. Some of the main challenges in
reducing the levels of highly calorific food ingredients from processed foods, such as fat
and starch, is the loss of desirable physicochemical and sensory attributes (Wu, et al.,
2013b; Wu, et al., 2013c). Fat droplets and starch granules provide important optical,
rheological, stability and flavor characteristics to foods that may be comprised when they
are removed. Hydrogel microspheres prepared from more healthy food ingredients (such
as proteins and dietary fibers) may be able to replace some of these desirable attributes
(Menut, et al., 2012; Stokes, 2011; Wu, et al., 2014).
Hydrogel particle suspensions have some similar rheological characteristics as
polymer solutions and hard particle suspensions (Shewan, et al., 2013). In their dilute
states, hydrogel particle suspensions exhibit shear thinning and increased viscosity,
similar to polymer solutions. The viscosity of the suspension increases with increasing
particle volume fraction until it reaches the critical packing volume fraction. At this point,
hydrogel particle suspensions resemble macroscopic continuous polymer gels that display
solid-like linear viscoelastic properties at low shear stresses (Dennin, 2008; van Hecke,
2010). However, if the applied shear stress exceeds a yield stress, the suspensions flow
because the hydrogel particles slip past each other (Menut, et al., 2012). This jamming
transition resembles the behavior highly-packed emulsion droplets in full fat products
(Fernández Farrés, et al., 2014; Menut, et al., 2012). The critical packing volume fraction
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of hydrogel particles is higher than that of hard particles because they can deform under
compression (Menut, et al., 2012; Shewan, et al., 2013). These unique rheological
characteristics make hydrogel particles a good candidate for fat-calorie products.
The advantage of hydrogel particle suspensions is that their rheological properties
can be carefully regulated to deliver desirable texture qualities to a food product. There
are a number of ways of modulating the rheological characteristics of a particle
suspension. First, rheology can be affected by changing the effective volume fraction of
the hydrogel particles; e.g., by controlling their concentration or size distribution
(Shewan, et al., 2013). Second, the rheology can be altered by changing the shape of the
hydrogel particles: elongated particles have higher viscosities at low shear stresses but
lower viscosities at high shear stresses compare to spherical particles (Fernández Farrés,
et al., 2014; Wolf, et al., 2001). Third, the overall rheology can be altered by changing
the internal rheology of the hydrogel particles, e.g., by changing biopolymer
concentration or cross-linking (Menut, et al., 2012). Moreover, particles can be designed
to have various responses to environmental conditions, such as swelling, shrinking, and
disintegration. These responses ultimately change the effective volume fraction of the
particles and thereby impact the rheological characteristics of the suspension under
different circumstances (Shewan, et al., 2013).
Numerous researchers have investigated the potential of using hydrogel particles
to control the texture of foods (Chung, et al., 2013a; Gabriele, et al., 2009; Kasapis, et al.,
1993; Le Révérend, et al., 2010; Sandoval-Castilla, et al., 2004; Wu, et al., 2014). As an
example, we present some of the work on developing reduced calorie foods. Wu, et al.
(2014) prepared hydrogel microspheres using coacervation of gelatin and pectin
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molecules and compared them with swollen starch granules (Figure 2.3). The hydrogel
particles had similar microstructures as swollen starch granules, and had rheological
properties that could be controlled to be similar i.e., yield stresses and high shear
viscosities. In addition, since gelatin can melt around body temperature, this hydrogel
particle may mimic the melting mouth feel of fat droplets. These gelatin-pectin
coacervates may therefore be suitable for replacing starch granules or fat droplets in lowcalorie foods. Coacervation has also been applied to make whey protein isolate-xanthan
gum particles as fat replacers (Laneuville, et al., 2000; Laneuville, Paquin, et al., 2005).
These complexes were used in cake frosting and presented similar textural and melting
profiles as the control products. Chung, et al. (2013a) prepared oil-filled caseinate-rich
hydrogel particles based on repulsive interactions by mixing caseinate-stabilized
emulsion droplets, caseinate solution, pectin solution and starch, and then added calcium
to strengthen the internal structure of the hydrogel particles. The authors showed that this
system had similar apparent viscosity as full-fat commercial sauces, although it only
contained 1% fat.

2.2.3.2.3.2 Encapsulation of flavor compounds
A number of key factors need to be considered in selecting appropriate
biopolymer(s) and particle-creation method(s) to fabricate hydrogel particles for
microencapsulation of flavor compounds. First, it is crucial to understand the properties
of the materials being encapsulated, e.g., polarity (lipophilic or hydrophilic), charge
(positive, neutral, negative), environmental sensitivity (temperature, pH, ionic strength,
mechanical stresses), non-living or living (e.g., probiotics). Second, it is important to
consider the properties of the end product where the encapsulated particles will be used,
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e.g., sensory attributes (appearance, texture, flavor), storage conditions (temperature, pH,
ionic strength, water activity, mechanical stresses), and shelf life. Third, it is essential to
identify the site where the encapsulated compounds should be released (retronasal or
orthonasal olfaction) and what are the conditions to trigger release (e.g., pH, enzyme,
temperature, mechanic stress and osmotic forces, etc.) (McClements, 2014; Sagalowicz,
et al., 2010; Velikov, et al., 2008; Xiao, et al., 2014b). For example, Yeo, et al. (2005)
used hydrogel microspheres formed by gelatin and gum arabic using coacervation to
encapsulate flavor oil for baked goods applications. This process involves emulsifying
the flavor oil with gum arabic, followed by coacervation with gelatin. These hydrogel
particles were designed so that the flavors were protected when the products were frozen
and were only released during cooking, which was attributed to the thermal sensitivity of
gelatin. The study also demonstrated that by preparing the gelatin-stabilized flavor
emulsion at higher homogenization rate, multivesicular microcapsules were formed
which resulted to a lesser degree of release than a univesicular microcapsules prepared at
lower homogenization rate.
2.3 Conclusions
Fat exists in various processed products in emulsified forms, either as the
dispersed phase or the continuous phase. Despite of the adverse effects of
overconsumption of lipids on health, full fat products are much more appealing to the
consumers than the reduced fat alternatives. This is because fat has a profound influence
on the sensory attributes (appearance, flavor perception and texture) of a product: the
light scattering properties of lipid droplets determines the lightness of many liquid/semisolid type of foods; lipid acts as carrier for non-polar flavor compounds thus impact the
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partitioning and release of flavor molecules; it behaves like a filler that imparts the thick
texture and a lubricator that results to smooth and creamy sensation; its thermal
properties also lead to various trigeminal sensations. Given the complex roles fat play in
determining the sensory quality of products, reducing or replacing fat remains to be a
challenging task for the food industry.
Various strategies thus have been developed in order to tackle the sensory defects
associated with fat reduction. These include chemically or enzymatically modified fat
substitutes and a variety of biopolymers (protein and carbohydrates). Recently, it
becomes clearer that there is a strong link between the microstructure of emulsion
droplets and sensory perception of lipids. There is thus a growing interest in
understanding the molecular properties and colloidal interactions of food materials and
utilizing structural design approach to control the macroscopic properties.
Overall, it is essential to gain a systematic understanding of the relation between
the properties of lipids and their fate during oral processing and its impact on the
organoleptic attributes of the food products. With this information as guidance, one can
rely on the knowledge of structure-function relationship of available food materials and
processing aids to create healthier and palatable low calorie food products.
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Figure 2.1. Theoretical predication of the dependence of the relative viscosity of an
emulsion suspension on the emulsion droplets.
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Figure 2.2. Possible interactions for a mixed biopolymer system. Biopolymer A and
B can be either protein or polysaccharide.
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Figure 2.3. Comparison of rheological profile (top) and microstructure (bottom)
between swollen starch granules and hydrogel particles (coacervate phase) made
with 0.5 wt% gelatin and 0.01% pectin. The images (bottom) are (a) hydrogel
particle suspensions, (b) hydrogel particle paste, (c) starch suspension, and (d)
starch paste which were obtained with differential interference contrast (DIC)
microscopy. The scale bars are 50 µm in length. Figures are derived from (Wu et al.,
2014) with permission.
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Table 2.1 Summary of important molecular characteristics among common food-grade proteins for assembling biopolymer
particles. Adopted from (Jones and McClements, 2010; Matalanis et al., 2011) with permission.
Name
Source
Main structural type
pI
~Tm (°C)
β-Lactoglobulin
Whey protein
Globular
4.8–5.1
75
Caseins
Milk
Rheomorphic
125–140
∼4.6
a
b
Gelatin
Collagen
Linear
7–9.4 ; 4.8–5.5
40
Bovine serum albumin
Bovine blood/milk
Globular
4.7
70–90
Ovalbumin
Egg white
Globular
4.5–4.7
74; 82c
Soy glycinin
Soybean
Globular
67d; 87e
∼5
Note:
a
Type A gelatin
b
Type B gelatin
c
S-type ovalbumin
d
7S soy glycinin fraction
e
11S soy glycinin

40

Table 2.2 Summary of important molecular characteristics among common food-grade polysaccharides for assembling
biopolymer particles. Adopted from (Jones and McClements, 2010; Matalanis et al., 2011) with permission.
Name
Source
Main structure type
Major monomer
Gelation
Carrageenan
Algal
Linear/helical
Sulfated galactan
Cold set
Alginate
Algal
Linear
β-D-Mannuronic acid Salt (e.g., calcium)
Xanthomonas campestris
β-D-Glucose
Xanthan gum
Linear/helical (high MW)
Salt (e.g., calcium)
exudate
(backbone)
Methyl cellulose Wood pulp
Linear
Methylated glucose
Heat-set (rev.)
Plant cell walls (common
High methoxyl
Pectin
Highly branched coil
source: citrus fruits)
Glucuronate
pectin: Sugar/heat;
(backbone)
Low methoxyl pectin:
Beet pectin
Sugar beet pulp
Branched coil with protein
Salt (e.g., calcium)
Branched coil domains on protein
Gum arabic
Acacia sap
Galactose
Conc.-dependent
scaffold
Inulin
Plants or bacteria
Linear with occasional branches
β-D-Fructose
Conc.-dependent
2-Amino-2-deoxy-β- No common
Chitosan
Crustaceans, invertebrates
Linear
D-glucose
application
Note: Polysaccharide ingredients available commercially generally possess appreciably different molecular and functional properties;
the listed information describes general characteristics for industrial usage.

CHAPTER 3
3.

MICROSTRUCTURE & RHEOLOGY OF MIXED COLLOIDAL
DISPERSIONS: INFLUENCE OF PH-INDUCED DROPLET
AGGREGATION ON STARCH GRANULE-FAT DROPLET MIXTURES

3.1 Abstract
The creation of high quality reduced-fat food products is challenging because the
removal of fat adversely affects quality attributes, such as appearance, texture, and flavor.
This study investigated the impact of pH-induced droplet aggregation on the properties of
model food systems consisting of lipid droplets and starch granules. Oil-in-water
emulsions (2% oil) containing whey-protein coated lipid droplets aggregated extensively
when heated (90 °C, 5 min) at pH values around their isoelectric point (pH 5) but not at
lower (pH 3.5) or higher (pH 7) values, which was attributed to changes in electrostatic
repulsion. The physicochemical properties of mixed lipid droplet-starch dispersions (2%
oil, 4% starch) prepared under similar conditions (pH 3.5, 5 and 7; 90 °C for 5 min) were
also measured. At pH 5, extensive lipid droplet aggregation was observed in mixed
systems, which led to a large increase in their yield stress and apparent viscosity when
compared to the mixed systems at pH 3.5 and 7. These results show that the rheological
properties of mixed lipid droplet – starch granule suspensions can be modulated by
controlling the electrostatic interactions between the lipid droplets so as to change their
flocculation state. This study has important implications for fabricating high quality lowfat products with desirable sensory attributes.
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3.2 Introduction
Obesity has become a major health concern in many developed and developing
countries. In the United States, more than one third of adults are now considered to be
obese (USDA, 2011). Globally, about 1.5 billion people have been reported to be either
overweight or obese (Finucane, et al., 2011; Novak, et al., 2011). Obesity has been
associated with many diseases that lead to a reduction in the quality of life and to an
increase in the risk of premature death, including diabetes, heart disease, and cancer
(USDA, 2011). Fats have the highest calorie density of all the major food components,
and therefore reducing the fat content of foods is considered to be one of the most
effective ways to control overweight and obesity (USDA, 2011).
The commercial production of desirable reduced-fat foods is often challenging,
because fats play a number of important roles in determining the overall physicochemical
properties and sensory attributes of food products (Arancibia, et al., 2011; van Aken, et
al., 2011). In particular, fats play a major role in determining the properties of emulsionbased food products such as sauces, dressings, and beverages. The fats in these products
are distributed as tiny lipid droplets that contribute to the smooth/creamy/rich texture and
taste, as well as to the milky/creamy appearance (McClements, 2005a). These desirable
sensory attributes are usually compromised once some or all of the lipid droplets are
removed from a product. Hence, it is usually necessary to utilize a fat replacement
strategy to ensure that the product maintains its desired quality attributes. For example,
food polysaccharides that act as thickening agents (such as carrageenan, gum arabic, guar
gum, and modified starch) are often added to reduced fat emulsion-based products to
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compensate for the viscosity reduction caused by removing fat droplets (Arancibia, et al.,
2011; Flett, et al., 2010; Tarrega, et al., 2006; Vingerhoeds, et al., 2011).
Studies have shown that the desirable mouthfeel of full-fat products containing
protein-coated lipid droplets can partly be attributed to the increase in emulsion viscosity
that occurs within the mouth as a result of saliva-induced droplet aggregation (Silletti, et
al., 2007; van Aken, et al., 2007). The aggregation of protein-coated lipid droplets can
also be induced prior to consumption by altering their pH, ionic strength, or temperature,
since this modulates the electrostatic and hydrophobic interactions between the droplets
(Charoen, et al., 2011; Demetriades, et al., 1997a, 1997b). Droplet aggregation is often
considered to be undesirable in emulsion-based products because it reduces their stability
to creaming and phase separation, but in some cases it is desirable since it leads to an
increase in viscosity that provides desirable textural attributes.
There is currently a relatively poor understanding of the influence of fat droplet
aggregation on the properties of mixed particle suspensions (e.g., fat droplets and starch
granules) that represent food systems, such as soups, sauces and dressings. The purpose
of this study was therefore to understand the influence of pH-induced fat droplet
aggregation on the physicochemical properties of mixed particle suspensions containing
protein-coated lipid droplets and starch granules. This information will be useful in the
design and manufacture of high quality reduced-fat products that could help combat
overweight and obesity.

43

3.3 Experimental Methods

3.3.1 Materials
Commercial whey protein isolate (WPI) was donated from Davisco Foods
International (Le Sueur, MN). The WPI was reported to contain 97.9% protein, 0.2% fat
and 1.9% ash. Modified starch and canola oil were provided by ConAgra Foods (Omaha,
NE). The modified starch was a hydroxypropyl distarch phosphate and contained 0.6%
ash. Sodium azide and hydrochloric acid (HCl) (analytical grade) were purchased from
Sigma-Aldrich (St. Louis, MO). Sodium azide was used as an antimicrobial agent (but is
not suitable for food use). Double distilled water was used to prepare all solutions.

3.3.2 Preparation of emulsion, starch and emulsion-starch dispersions
A series of aqueous solutions with different pH values (pH 3.5, 5, and 7) were
prepared by titrating different amounts of HCl solution into 0.02% sodium azide solution
(pH ~7.1). Aqueous WPI solutions were prepared by dispersing a weighed amount of
WPI powder into pH 7 buffer and stirring for at least one hour at room temperature to
ensure hydration. A coarse oil-in-water emulsion (25% oil) was prepared by mixing
appropriate amounts of WPI solution and canola oil (emulsifier to oil ratio of 1:10) with a
high speed blender (Tissue Tearor Model 985370-395, BiosPec Products Inc.,
Bartlesville, OK) at 15,000 rpm for 2 min. The size of the fat droplets was further
reduced by passing the coarse emulsion through a high pressure homogenizer
(Microfluidizer Model 110 L, Microfluidics, Newton, MA) three times at a chamber
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pressure of 10,000 psi. After homogenization, the stock emulsion had a pH of ~7.2,
which was then adjusted to pH 7.0 by adding HCl solution.
A series of 2 wt% oil-in-water emulsion samples with three different pH values
(3.5, 5 and 7) were produced by diluting the stock emulsion with the corresponding pH
buffer solutions, and then adjusting the pH back to the required value if needed using
HCl. The diluted emulsions were then stirred for 1 hour to ensure they were
homogeneous. Pure starch dispersions (4% wt) with different pH values were prepared by
adding modified starch powder into pH-adjusted buffer solutions (pH 3.5, 5 and 7), and
then stirring until further use. Mixed emulsion-starch dispersions (model sauces) with
different pH values were prepared that contained 2% lipid droplets and 4% starch. The
stock emulsion was first diluted and stirred using the same procedures as preparing the
pure emulsion samples, and then the modified starch was added.
All the samples were then heated to 90 °C and held for 5 min in a water bath.
During heating, the samples were occasionally manually stirred to ensure uniform heat
distribution. After heating, the samples were cooled to 25 °C in an ice water bath. The pH
and mass of the samples were measured after this procedure, and they were adjusted back
to the appropriate pH (by adding HCl solution) and moisture content (by adding
corresponding buffer solution) prior to analysis.

3.3.3 Rheological properties analysis
The steady shear rheological properties of the samples were characterized using a
dynamic shear rheometer (Kinexus, Malvern Instruments, Malvern, U.K.) with a cupand-bob geometry at 25 °C. The bob had a diameter of 25 mm and the cup had a diameter
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of 27.5 mm. The shear stress of the sample was measured as a function of shear rates
(0.01-100 s-1). Plots were made of the shear stress versus shear rate and apparent
viscosity versus shear rate. Rheological measurements were not carried out on unheated
mixed systems because sedimentation of the unheated starch granules occurred rapidly
and caused inaccurate readings.
Some of the samples behaved as ideal or non-ideal fluids, whereas others behaved
as non-ideal plastics (exhibiting a yield stress). Different rheological models were
therefore used to analyze the shear stress versus shear rate profiles depending on the
nature of the sample. A power-law model was used to describe the rheological properties
of the fluids:
. n

Power-law model: τ = K γ

(1)

The Hershel-Bulkley (HB) model was used to describe the rheological properties
of non-ideal plastics that showed a yield stress:
.n

τ −τ0 = Kγ
HB model:

(2)
.

Here τ is the shear stress, τ0 is the yield stress, γ is the shear rate, K is the
consistency index, and n is the power law index. The unknown parameters in the above
equations were found by finding the best-fit to the experimental measurements of shear
stress versus shear rate. The power-law model was chosen if the value of yield stress
obtained by the HB model fitting was unrealistic, i.e. τ0 < 0. The regression coefficients
(r2) of the model fittings were >0.99.
For the lowest viscosity samples (emulsions), reliable rheological measurements
could only be made at shear rates from 5 to 100 s-1. Therefore, the power law model was
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only applied to data within this shear rate range. Samples with a power law index close to
.

unity (n ≈ 1) were also analyzed using a Newtonian model ( τ = ηγ ) and their shear
viscosity (η) was reported.

3.3.4 Particle size measurement
The particle size distribution of the samples before and after heating was
measured using static light scattering (Mastersizer 2000, Malvern Instruments, Ltd.,
Worcestershire, UK). To facilitate sample dispersion within the measurement cell, the
model sauces and pure starch suspensions after heat treatment were diluted 2-fold with
buffer at the same pH as the continuous phase prior to analysis. Other samples were
directly measured without further dilution. A few drops of the samples were pipetted into
a water diluting accessory (Hydro 2000 SM, Malvern Instruments, Ltd., Worcestershire,
UK) to obtain an appropriate light obscuration level (11%-14%). A refractive index of
1.330 was used for the water phase, and 1.472 was used for the dispersed phase
(emulsion droplets and/or starch particles). The instrument software (Mastersizer 2000,
version 5.60) was used to calculate the particle size distribution based on Mie theory.
Surface-weighted mean droplet diameters (D3,2) were calculated from the particle size
distributions. It should be noted that particle size results from static light scattering
should be treated cautiously for highly aggregated systems because of the effects of
sample preparation (dilution and stirring) and limitations of the mathematical model used
to analyze the data (it is assumed the particles are spherical and homogeneous)
(Chantrapornchai, et al., 2001a; McClements, 2005a).

47

3.3.5 ζ-potential determination
The ζ-potentials of the samples were measured before and after heating using a
particle micro-electrophoresis instrument (Zetasizer NanoZS, Malvern Instruments, Ltd.,
Worcestershire, UK). Samples were diluted 200-times using the appropriate pH-adjusted
buffer solution and then injected into a folded capillary cell (Malvern Instruments, Ltd.,
Worcestershire, UK) for analysis. The refractive index, viscosity and relative dielectric
constant of the dispersant phase were set as 1.330, 0.8872 mPa s and 78.5 respectively.
The instrument software (version 6.30, Zetasizer, Malvern Instruments, Ltd.,
Worcestershire, UK) was used to calculate the ζ-potentials from the measured
electrophoretic mobility data.

3.3.6 Optical properties and storage stability determination
A colorimeter (ColorFlez EZ, HunterLab, Reston, Virginia) was used to measure
the lightness (L*) of the samples after heating. The lightness value can range from 0%
(black) to 100% (white). A fixed amount of sample was placed within a glass sample cup
which was then covered with a white cover prior to measurement.
The storage stability of the samples after heating was recorded by digital
photography. All samples were stored at ambient temperature, and their images were
recorded after 30 days storage.
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3.3.7 Microstructure analysis
Microstructure of the samples was examined by Bright field or Differential
Interference Contrast (DIC) microscopy (Nikon microscope Eclipse E 400, Nikon
Corporation, Japan). Emulsions were mixed in a glass test tube using a vortex to prepare
a homogeneous sample and a small aliquot of sample was placed on a microscope slide
and covered by a cover slip. The specimens were observed using an oil immersion
objective lens (60×, 1.40 NA) along with a 1.0× camera zoom. DIC microscopy images
of emulsions were then obtained using a CCD camera (CCD-300-RC, DAGE-MTI,
Michigan City, IN) and the images were processed by digital image processing software
(Micro Video Instruments Inc., MA).

3.3.8 Statistical Analysis
All experiments were replicated at two or three times, and their results were
reported as average and standard deviations. Statistical analysis software (OriginPro,
Version 8.6, OriginLab Corporation, Northampton, MA) was used to perform paired
sample t-tests, with a p-value ≤ 0.05 being considered to be a significant difference
between samples.
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3.4 Results & Discussion

3.4.1 Influence of pH and thermal treatment on particle characteristics

3.4.1.1 Fat droplets
In this section, we examined the impact of pH and thermal treatment on the
microstructure and physicochemical properties of the protein-coated fat droplets in
emulsions. As the pH increased, the fat droplet charge went from highly positive at pH
3.5, to close to neutral at pH 5, to highly negative at pH 7 (Figure 3.1). This kind of
behavior can be attributed to the change in the ionization of the carboxyl (–COO- ↔ –
COOH) and amino (–NH2 ↔ –NH3+ ) groups on the adsorbed proteins with pH, as has
been described previously (Chanamai, et al., 2002; Charoen, et al., 2011; Demetriades, et
al., 1997a). Whey protein has an isoelectric point (pI) around pH ~4.6, and is therefore
positively charged below this value and negatively charged above it. Thermal treatment
(90 ºC, 5 min) had no significant effect on droplet charge, indicating that heating did not
cause a large change in the electrical properties of the adsorbed protein layer.
Before heating, the particle size distributions and mean diameters of the
emulsions were fairly similar at pH 3.5 and 7, but there was evidence of appreciable
droplet aggregation at pH 5 (Figure 3.2 and Figure 3.3). Optical microscopy indicated
that there were “flake-like” aggregates of fat droplets at pH 5, but evenly distributed nonaggregated fat droplets at pH 3.5 and 7 (Figure 3.4). The pH dependence of particle size
and microstructure can primarily be attributed to changes in the electrostatic interactions
between protein-coated fat droplets. At pH 3.5 and 7, the droplets possess either
relatively high positive or relatively high negative charges, respectively (Figure 3.1),
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which gives rise to a strong electrostatic repulsion between them that opposes droplet
aggregation (McClements, 2005a). However, at pH 5, which is close to the isoelectric
point of the adsorbed whey proteins, the droplet charge was relatively small (Figure 3.1),
and so the electrostatic repulsion was no longer sufficient to prevent flocculation.
The effect of thermal treatment on the properties of the emulsions also depended
on pH. At pH 3.5 and 7, the particle size distribution of the emulsions remained
unaffected by thermal treatment, whereas at pH 5 there was an appreciable increase in the
particle size and change in microstructure of the emulsions indicative of more extensive
droplet aggregation (Figure 3.4). It is well-known that heat treatment denatures adsorbed
globular proteins thereby exposing regions that can participate in hydrophobic attractions
and disulfide-bond formation (McClements, et al., 1993; Monahan, et al., 1996; Ryan, et
al., 2012). When the electrostatic repulsion between the droplets is sufficiently strong
(e.g. at pH 3.5 and 7) they cannot come into close proximity, so that protein-protein
interactions only occur between proteins adsorbed on the same droplet (rather than on
different droplets) (Demetriades, et al., 1997b; Raikos, 2010). On the other hand, at pH 5,
the reduced electrostatic repulsion between the fat droplets enables them to come into
close proximity during heating thereby leading to protein-protein interactions between
proteins adsorbed onto different fat droplets, which promotes droplet aggregation.
In summary, these experiments showed that the protein-coated fat droplets in oilin-water emulsions after heat treatment were highly aggregated at pH 5, but were
relatively stable to aggregation at pH 3.5 and 7.
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3.4.1.2 Starch granules
In this section, we examined the impact of pH and thermal processing on the
microstructure and physicochemical properties of starch granules in starch suspensions.
In general, the starch granules had a slightly negative charge, whose magnitude depended
on pH and thermal treatment (Figure 3.1): as the pH was increased from pH 3.5 to 7 the
charge went from -2 to -7 mV for unheated starch and from 0 to -5 mV for heated starch,
respectively. The origin of this slight negative charge on the starch granules is currently
unknown. A slight negative charge has previously been reported on unmodified starch
granules at neutral pH (Dahle, 1971; Takeuchi, 1969). The modified starch used in this
study was cross-linked with phosphate to enhance the granules’ resistance to
gelatinization, and was hydroxypropylated to prevent retrogradation (Wurzburg, 2006).
The negative charge may therefore be due to ionization of phosphate groups (-PO3-)
and/or hydroxyl groups (-OH) on glucosyl and hydroxypropyl units. Alternatively, it may
have been due to the presence of anionic impurities, such as free fatty acids.
The size of the unheated starch granules did not depend on the pH of the aqueous
solution surrounding them, being around 16 µm at pH 3.5, 5 and 7 (Figure 3.2). After
heating, there was an appreciable increase in the dimensions of all of the starch granules,
which can be attributed to swelling induced by water absorption during the starch
gelatinization process. The starch granules did not completely disintegrate after heating
(as happens with native starch), because they had previously been cross-linked with
phosphate (Wurzburg, 2006). Consequently, the majority of starch granules remained
intact during the thermal treatment and maintained their dimensions after cooling down.
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The starch granules heated at pH 3.5 were slightly larger than those at pH 5 and 7 (Figure
2.1), suggesting that the presence of acidic conditions enhanced their swelling behavior.
In summary, these results showed that the modified starch granules used in this
study increased appreciably in diameter after heating, but that pH only had a minor effect
on their dimensions.

3.4.1.3 Fat droplet – starch granule mixtures
In this section, we examined the impact of pH on the microstructure and
physicochemical properties of mixed dispersions containing protein-coated fat droplets
and starch granules after they had been subjected to thermal processing. The ζ-potential
of the mixed dispersions went from positive to negative as the pH increased from 3.5 to
7, following a similar trend to that observed for the fat droplets (Figure 3.1). The
magnitudes of the ζ-potentials in the mixed dispersions were somewhat less than those of
the fat droplets, which may have been due to the contribution of the starch granules
(which had a relatively low net charge) to the overall electrophoretic mobility signal.
Overall, these results show that the ζ-potential of the mixed dispersions was mainly
determined by the charge characteristics of the fat droplets.
The particle size distributions (Figure 3.5) and mean particle diameters (Figure
3.2) of mixed dispersions were measured at different pH values before and after heating.
Before heating, the dispersions at pH 3.5 and 7 had bi-model distributions, with a small
peak around 0.2 µm and a large peak around 17 µm, which correspond to the fat droplets
and native starch granules, respectively. The reason that the area under the peak was
larger for the starch granules than for the fat droplets is presumably because they are
present at a higher concentration, and because they have a stronger scattering efficiency
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due to their higher refractive index. At pH 5, there was a single broad peak in the
unheated mixed dispersions, which can be attributed to the fact that fat droplet flocs had
similar dimensions as native starch granules and so they overlapped in size (Figure 3.2).
After heating, all of the mixed dispersions had monomodal particle size distributions with
a broad peak centered around 40 µm, which can be attributed to the presence of swollen
starch granules that dominated the light scattering signal.
Additional information about the influence of pH and thermal treatment on the
microstructure of the fat droplet – starch granule mixtures was obtained by DIC optical
microscopy (Figure 3.6). Before heating, the starch granules were surrounded by fat
droplets that were uniformly dispersed throughout the aqueous solution at pH 3.5 and 7,
but they were surrounded by highly flocculated fat droplets at pH 5 (Figure 3.6).
Occasionally, starch granules were found to be trapped in some of the large droplet
aggregates at pH 5. After heating, swollen starch granules were observed in the mixed
systems that had fat droplets between them. At pH 3.5 and 7, the fat droplets appeared to
be small individual entities that were observed to move freely within the spaces between
the starch granules due to Brownian motion. At pH 5, however, the fat droplets formed
large flocs with irregular shapes that were observed to be immobile.

3.4.2 Influence of pH and thermal treatment on rheological properties
The effect of pH on the rheological behavior of the mixed dispersions after
heating was compared to that of the starch suspension and emulsion controls. The mixed
dispersions (“model sauce”) contained 2% fat droplets and 4% starch, the emulsions
contained 2% fat droplets, and the starch suspension contained 4% starch granules. The
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rheological profiles of shear stress versus shear rate were determined for each sample
(Figure 3.7a), and the shear dependence of the apparent shear viscosity was calculated
from this data (Figure 3.7b). We also plotted the apparent shear viscosity at a constant
shear rate (10 s-1) to compare the rheological properties of samples directly (Figure 3.8).
For the sake of clarity, we only compared the properties of a non-flocculated (pH 7) and
flocculated (pH 5) system in this section.

3.4.2.1 Experimental Data
The emulsions exhibited Newtonian flow behavior (Figure 3.7) and had relatively
low shear viscosities (1 to 2 mPa s) at all pH levels tested (Table 3.1), which is due to
their low disperse phase volume fractions (Pal, 2011). The shear viscosity of the pH 5
emulsions was significantly higher than that of the pH 7 emulsions (Figure 3.7b), which
can be attributed to the increase in effective volume fraction of the disperse phase caused
by droplet flocculation near the droplets isoelectric point (McClements, 2005b). The
apparent shear viscosity of the emulsions was significantly lower than that of the starch
suspensions or mixed dispersions at all shear rates (Figure 3.7b). The starch suspensions
and the mixed dispersions showed distinct shear-thinning flow, i.e., the apparent viscosity
decreased with increasing shear rate leading to a power-law index (n) < 1 (Table 3.1).
The mixed dispersions at pH 5 had an appreciable yield stress (Figure 3.7a), which can
be related to the formation of a three-dimensional network of aggregated fat droplets
within the continuous phase surrounding the swollen starch granules.
The apparent viscosity of the mixed dispersions was much greater than that of the
separate starch suspensions and emulsions, and was highly dependent on pH with the
viscosity and consistency index (K) being much higher at pH 5 than pH 7 (Figure 3.7b,
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Table 3.1). This phenomenon can be attributed to the influence of particle concentration
and interactions on the rheological properties of mixed dispersions.
The mixed dispersion containing aggregated fat droplets (pH 5) had a
considerably higher viscosity than the one containing non-aggregated ones (pH 7) (Figure
3.7b). This result suggests that pH-induced aggregation of fat droplets has a major
influence on the overall rheology of fat droplet-starch granule dispersions. A possible
explanation of this effect is that the fat droplets formed a three-dimensional network in
the space between the starch granules. Observations of the mixed dispersions using
optical microscopy highlighted the influence of droplet flocculation on the properties of
the mixed systems. Samples were placed under a glass cover slip on a microscope slide,
and then a normal force was applied to them by moving the objective lens downwards
onto the cover slip. During this process, we noticed that the lipid droplets flowed freely
along the edge of the starch granules in the pH 7 samples, while the starch granules
slowly rolled against the adjacent granules with little shape deformation. This showed
that the starch granules were only weakly attached to each, and the emulsion droplets
acted as a lubricant between them (Genovese, et al., 2007; Servais, et al., 2002). In the
pH 5 sample, the fat droplet aggregates and starch granules were more resistant to the
applied force, although some breakdown of large flocs into smaller flocs was observed.

3.4.2.2 Theoretical Model
Further insights into the influence of fat droplet aggregation on the rheological
properties of mixed dispersions were obtained by using a simple mathematical approach.
To a first approximation the shear viscosity of a mixed particle dispersion (such as starch
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granules and fat droplets dispersed in water) can be related to the particle concentration
by the following semi-empirical equation (McClements, 2005b):

⎛ φeff
η = η 0 ⎜⎜1 −
φc
⎝

⎞
⎟⎟
⎠

−2c

(3)

Here, η0 is the viscosity of the liquid surrounding the particles, φeff is the effective
volume fraction of the particles, and φc is a critical packing parameter that is related to the
volume fraction at which the particles become close packed. For monodisperse
dispersions containing hard spheres with a single diameter, φc is around 0.64, but for
polydisperse dispersions containing a mixture of hard spheres with different diameters, φc
may be higher than this value since small particles can fit into the spaces between large
particles (Servais, et al., 2002). For bimodal systems, the packing parameter can be
calculated from knowledge of the relative size and concentration of the two particle types
(Servais, et al., 2002).
The effective volume fraction of mixed particle dispersions can be calculated as
the sum of the volume fractions of the two types of particle:
φeff = φE,S + φE,F
(4)
Here, φE,S is the effective volume fraction of the starch granules, and φE,F is the
effective volume fraction of the fat droplets. It is important to use the appropriate values
of the effective volume fractions of the starch granules and fat droplets in the above
equation, since these may be appreciably different from the initial starch (φS = 0.04 or
4%) and fat (φF = 0.02 or 2%) contents.
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Starch granules: The starch granules swell substantially during the thermal
processing step and therefore occupy a much larger volume than the original native starch
granules, which can be quantified in terms of their swelling ratio (SR) (Zhu, et al., 2011).
The SR can be estimated from the mean particle diameters of the starch granules
measured before and after heating using the following equation:

VH ⎛ dH ⎞
SR =
= ⎜ ⎟
VU ⎝ dU ⎠

3

(5)

Where V is the volume and d is the diameter of the unheated (U) and heated (H)
starch granules. It should be noted that this approach only gives a rough estimate of the
swelling ratio, since the light scattering technique assumes that the particles are spherical
and have the same refractive index before and after heating. In practice, starch granules
are non-spherical and their refractive index will change when they absorb water. Using
the mean particle diameters determined by the static light scattering (dU = 16 µm; dH = 37
µm) we calculated the swelling ratio of the starch granules to be about 12.4. The effective
volume fraction of the starch granules can then be given by:
φE,S = φH = SR × φU

(6)

Where, φU and φH are the volume fractions of the unheated and heated starch
granules, respectively. In this study, the initial starch concentration (φU) was around 4%,
and so the effective starch concentration after heating (SR×φH) would be around 49.5%.
This effect would account for the relatively high viscosity of heated starch suspensions
measured in the absence of fat droplets (Table 3.1).
Fat droplets: The fat droplets may also occupy an appreciably larger effective
volume fraction than the actual volume fraction of the fat phase itself. When the droplets
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in an emulsion become flocculated their effective volume fraction increases because of
the water trapped within the flocs (McClements, 2005b). The effective volume fraction of
the fat droplets in a flocculated system can be estimated using the following equation:

⎛ Φ floc

φ E , F = φ F ⎜⎜

⎝ φi

⎞
+ 1 − Φ floc ⎟⎟
⎠

(7)

Where φF is the volume fraction of the fat droplets themselves, Φfloc is the fraction
of droplets that are flocculated, and φi is the internal packing parameter of the flocs (i.e.,
the volume fraction of a floc that is occupied by fat droplets). Typically, φi varies from
around 0.2 for loosely-packed open flocs to around 0.64 for closely-packed closed flocs.
Hence, in a flocculated system the effective fat droplet volume fraction may be
considerably larger than the actual fat content.
Predictions: The above model can be used to provide some useful qualitative
insights into the influence of fat droplet concentration and aggregation on the rheological
properties of mixed dispersions. We used the model to predict the dependence of shear
viscosity on fat droplet concentration for mixed dispersions with a constant starch
concentration containing either non-flocculated or flocculated fat droplets (Figure 3.9). It
was assumed that the initial native starch concentration was 0.04 and the swelling ratio
after thermal treatment was 12.4, so that φE,S = 0.495. For the non-flocculated system it
was assumed that the swollen starch granules had a diameter of 37 µm, while the fat
droplets had a diameter of 0.17 µm. For the flocculated system, it was assumed that: the
swollen starch granules had a diameter of 37 µm; the floc diameter was 20 µm; all the fat
droplets were flocculated (Φfloc = 1); and, the internal packing parameter of the droplets
(φi) was 0.4 (i.e., each floc contained 40% fat and 60% water). The critical packing
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parameter (φc) of each system was calculated from the relative size and effective
concentration of the different types of particles in the system using a model described
previously (Servais, et al., 2002).
The above model predicts that the shear viscosity should not be strongly affected
by addition of between 0 to 10% fat droplets in the non-flocculated system, presumably
because the small fat droplets can fit between the large starch granules (Figure 3.9). This
prediction is in agreement with our experimental measurements, which indicated that
there was only a very slight increase in apparent viscosity when 2% fat was added (Table
3.1). On the other hand, the viscosity was predicted to increase steeply with increasing fat
concentration for the system containing flocculated fat droplets (Figure 3.9). Again, this
result is in agreement with the large increase in viscosity observed experimentally in the
mixed dispersions (Table 3.1). This effect can be attributed to the fact that the total
effective particle concentration (φE,S + φE,F) approaches the critical packing parameter for
the system (φc). Flocculation contributes to this effect through two mechanisms: (i) it
increases the effective volume fraction of the fat droplets (increases φE,S); and, (ii) it
increases the effective size of the flocs (decreases φc). These predictions therefore
qualitatively support the experimental measurements of the influence of fat droplet
flocculation on model sauce rheology discussed in the section 3.4.2.1.

3.4.3 Appearance
Finally, we examined the influence of pH and heating on the overall appearance
of the mixed dispersions, since the optical properties of food products is usually the first
sensory impression that consumers use to make a quality judgment. Immediately after the
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thermal process, the influence of pH on the optical properties (lightness) of the
emulsions, starch suspensions, and their mixtures were determined using a colorimeter.
The results showed that the pure emulsions at pH 3.5 and 7 had similar lightness values,
which were larger than that of the pH 5 emulsion (Table 3.1). Chantrapornchai et.
al.(2001a) also reported that fat droplet aggregation in emulsions leads to a reduction in
their lightness, which was attributed to changes in the light scattering pattern when
droplets come into close proximity (McClements, 2002b). The starch paste had a much
lower lightness value than the emulsions at equivalent pH values (Table 3.1), which can
be attributed to differences in the size and refractive indices of the particles in the two
different systems. Swollen starch granules are relatively large and would be expected to
have relatively low refractive indices because of water adsorption, and therefore they
may backscatter light more weakly. The mixed dispersion at pH 5 had a slightly lower
lightness value than the mixed dispersions at pH 3.5 and 7, which can be attributed to the
lower degree of light scattering from flocculated fat droplets as seen in the emulsions.
The creaming stability of the mixed dispersions was determined by visual
observation, and comparison was made with the pure emulsions (Figure 3.10). The
emulsions at pH 3.5 and 7 were stable throughout the observation period (30 days). In
contrast, the pH 5 emulsion developed a clear creaming layer within a day. The instability
of the aggregated emulsion is a result of the increased gravitational force on larger
particles (McClements, 2005a), as has been reported in previous studies (Charoen, et al.,
2011; Demetriades, et al., 1997a; Mao, et al., 2012e). In contrast, the mixed dispersions at
pH 5 were visibly stable to gravitational separation after 30 days, as were the ones at pH
3.5 and 7. Two phenomena are responsible for this: (1) the viscosity of the aqueous phase
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surrounding the droplets was increased due to the addition of starch, therefore slowing
the velocity at which the flocs moved; (2) the starch granules and fat droplets were
locked into a three-dimensional network of aggregated particles which prevented them
from moving (McClements, 2005a).
3.5 Conclusions
The purpose of this study was to understand the impact of pH-induced fat droplet
aggregation on the physicochemical properties of mixed dispersions containing starch
granules and fat droplets. These mixed dispersions were designed to be representative of
commercial food products such as sauces, deserts, dips, and dressings. The influence of
pH and thermal processing on the behavior of whey protein-stabilized emulsions was first
investigated. Extensive droplet aggregation occurred around the isoelectric point of the
protein emulsifier due to the reduction in electrostatic repulsion between the droplets.
The size of the flocs formed was appreciably larger after thermal processing, which was
attributed to increased hydrophobic and disulfide bond formation between the droplets. In
contrast, at pH values away from the pI the emulsions remained relatively stable to fat
droplet aggregation both before and after thermal processing.
Light scattering and optical microscopy measurements showed that pH-induced
fat droplet aggregation also occurred in the mixed dispersions containing fat droplets and
starch granules. In addition, rheological measurements showed that fat droplet
aggregation caused a pronounced influence in the apparent viscosity of the mixed
dispersions, and to the generation of a yield stress. This effect was attributed to the
influence of droplet flocculation on the effective volume fraction and size of the particles
in the mixed dispersions. These results have important implications for the development
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of high quality food produces with reduced calorie contents, since they show that high
viscosities can be obtained by inducing droplet flocculation.
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Figure 3.1. Influence of pH on the electrical characteristics (ζ-potential) of particles
in emulsions (fat droplets), starch suspensions (swollen starch granules), and mixed
dispersions (fat droplets + swollen starch granules). Here: E = emulsion; S = starch
suspensions; Mix = Fat Droplets + Starch Granules; U = Unheated; and, H =
Heated.
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Figure 3.2. Influence of pH and thermal treatment (90 ºC, 5 min) on the mean
particle diameter (d32) of emulsions (fat droplets), starch suspensions (swollen starch
granules), and mixed dispersions (fat droplets + swollen starch granules). Here: E =
emulsion; S = starch suspensions; Mix = Fat Droplets + Starch Granules; U =
Unheated; and, H = Heated.

65

Figure 3.3. Influence of pH (3.5, 5, 7) and thermal treatment (90 ºC, 5 min) on the
particle size distributions of emulsions. Here: U = Unheated; and, H = Heated.

Figure 3.4. Influence of pH (3.5, 5, 7) and thermal treatment (90 ºC, 5 min) on the
microstructure of emulsions (2% oil-in-water emulsions stabilized by WPI). The
scale bars are 50 µm in length.
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Figure 3.5. Influence of pH (3.5, 5, 7) and thermal treatment (90 ºC, 5 min) on the
particle size distributions of mixed dispersions containing fat droplets and starch
granules. The arrows show the populations of far droplets and native starch
granules in the unheated sample at pH 7. Here: U = Unheated; and, H = Heated.

Figure 3.6. Influence of pH (3.5, 5, 7) and thermal treatment (90 ºC, 5 min) on the
mixed dispersions containing 2% fat droplets and 4% starch granules observed
using DIC optical microscopy. The scale bars are 50 µm in length.
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Figure 3.7 Influence of pH on the (a) shear stress and (b) shear viscosity versus
shear rate profiles of emulsions (2% fat droplets), starch suspensions (4% starch
granules), and mixed dispersions (2% fat droplets + 4% starch granules) after
thermal treatment (90 ºC, 5 min).
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Figure 3.8. Influence of pH on the apparent shear viscosity at a fixed shear rate (10
s-1) of emulsions (2% fat droplets), starch suspensions (4% starch granules), and
mixed dispersions (2% fat droplets + 4% starch granules) after thermal treatment
(90 ºC, 5 min).
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Figure 3.9. Theoretical prediction of the dependence of the relative viscosity of a
mixed dispersion (fat droplets + starch granules) on the fat concentration for nonflocculated and flocculated systems

Figure 3.10. Visual appearance of emulsions and mixed dispersions at different pH
values after 30 days storage at room temperature.
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Table 3.1. Physical properties of emulsions (2% fat droplets), starch suspensions (4% starch granules) and mixed dispersions
(2% fat droplets + 4% starch granules).
Rheology Model Fit
Lightness
Yield stress τ0 (Pa)

K (Pa.sn)

n

η (mPa.s)

(%)
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2% emulsion
pH 3.5
(6.26 ± 0.50)×10-4P
1.13 ± 0.01P
1.05 ± 0.05N
92.3 ± 0.2
-3P
P
N
pH 5
(1.98 ± 0.40)×10
0.943 ± 0.036
1.63 ± 0.16
88.2 ± 0.2
-4P
P
N
pH 7
(9.72 ± 1.50)×10
1.02 ± 0.02
1.09 ± 0.06
92.3 ± 0.1
4% starch
pH 3.5
0.545 ± 0.137H
1.84 ± 0.13H
0.516 ± 0.009H
34.8 ± 1.8
P
P
pH 5
0.58 ± 0.25
0.69 ± 0.07
33.9 ± 1.5
P
P
pH 7
0.18 ± 0.01
0.88 ± 0.01
34.2 ± 2.6
2% emulsion+4% starch
pH 3.5
0.671 ± 0.914H
2.18 ± 0.02H
0.496 ± 0.017H
90.2 ± 0.9
H
H
H
pH 5
3.39 ± 0.99
0.511 ± 0.052
87.2 ± 0.2
5.63 ± 1.54
P
P
pH 7
0.28 ± 0.11
0.82 ± 0.05
91.2 ± 1.1
Note: Letters indicates the type of rheology models (P: power-law model; N: Newtonian model and H: Hershel-Bulkley model) that
used to obtain the corresponding values.

CHAPTER 4
4.

CREATION OF REDUCED FAT FOODS: INFLUENCE OF CALCIUMINDUCED DROPLET AGGREGATION ON MICROSTRUCTURE &
RHEOLOGY OF MIXED FOOD DISPERSIONS

4.1 Abstract
The structural organization of the colloidal particles within multicomponent food
products plays an important role in determining quality attributes such as appearance,
texture, flavor, and stability. This study investigated the impact of calcium-induced fat
droplet aggregation on the microstructure and physicochemical properties of model
mixed colloidal dispersions. These model systems consisted of 2 wt% whey proteincoated fat droplets and 4 wt% modified starch granules (hydroxypropyl distarch
phosphate) that were heated to induce swelling of the granules (pH 7). Optical and
confocal microscopy showed that the fat droplets were dispersed within the interstitial
region between the swollen starch granules. The structural organization of the fat droplets
within these interstitial regions could be modulated by controlling calcium concentration:
(i) at low calcium the droplets were evenly distributed; (ii) at intermediate calcium they
formed a layer around the starch granules; (iii) at high calcium they formed a network of
aggregated droplets. The macroscopic properties of the mixed systems depended strongly
on the structural organization of the fat droplets. Paste-like materials of varying apparent
viscosity and yield stress were produced in systems where the fat droplets formed a threedimensional network in the interstitial region. It was postulated that calcium-dependent
interactions among droplets and/or starch granules were responsible for the characteristic
rheological properties of the mixed systems. Overall, our results show that the properties
of fat droplet-starch granule suspensions can be modulated by controlling the electrostatic
interactions between the lipid droplets so as to change their microstructure.
72

4.2 Introduction
Over the past few decades there has been an increase in the percentage of the
population that is either overweight or obese (Finucane, et al., 2011; Novak, et al., 2011;
USDA, 2011). Physical inactivity and high calorie diets are major factors contributing to
this increase in body weight. Fat has the highest caloric density of the major nutrients in
foods, and so there has been considerable interest in the creation of reduced-fat food
products. However, the successful development of these products remains challenging
because fat plays multiple roles in determining their desirable physicochemical and
sensory attributes (Arancibia, et al., 2011; van Aken, et al., 2011). The fat droplets in
many emulsion-based food products contribute to their smooth/creamy/rich texture,
milky/creamy appearance, desirable flavor, and satiating effects (Frank, et al., 2011;
McClements, 2005a; van Aken, et al., 2011). It is therefore important to identify
commercially viable strategies that are capable of reducing the overall fat content of food
products while maintaining their desirable sensory attributes.
One of the most popular fat replacement strategies currently used is to incorporate
thickening agents (such as food hydrocolloids) into emulsion-based products so as to
compensate for the reduction in viscosity that occurs when fat droplets are removed
(Arancibia, et al., 2011; Flett, et al., 2010; Tarrega, et al., 2006; Vingerhoeds, et al.,
2011). An alternative approach is to induce flocculation of the fat droplets, since this
leads to an appreciable increase in shear viscosity or elastic modulus (Mao, et al., 2012e,
2012f; Simo, et al., 2012). Consequently, highly viscous or gel-like textures can be
created at lower fat contents in flocculated emulsions. Droplet flocculation can be
induced in a variety of ways depending on the system, e.g., changing pH or ionic strength
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to reduce electrostatic repulsion; heating to increase hydrophobic attraction; adding
biopolymers to induce depletion or bridging interactions; mixing positive and negative
droplets to induce heteroaggregation (Mao, et al., 2012e; McClements, 2005a). Most
previous studies of the influence of droplet flocculation on emulsion properties have been
carried out using relatively simple model systems consisting of fat droplets dispersed
within an aqueous medium. In practice, many commercial food products consist of
mixtures of different kinds of particles within an aqueous medium. For example, many
common food emulsions consist of mixtures of fat droplets and starch granules, e.g.,
dressings, sauces, soups, and desserts (Chung, et al., 2013b). There is therefore a need to
understand the influence of particle organization and interactions on the microstructure
and physicochemical properties of these more complex mixed particle systems.
Recently, we showed that mixtures of starch granules and fat droplets could be
treated as bimodal particulate suspensions, whose properties depend on the size and
concentration of the different kinds of particles present (Chung, et al., 2012a, 2012b,
2013b). We also showed that the rheological properties of these starch granule – fat
droplet mixtures could be modulated by controlling the aggregation state of the fat
droplets within the aqueous phase through pH (Wu, et al., 2013a). At pH values around
the isoelectric point of the protein-coated fat droplets extensive droplet aggregation
occurred, which led to a large increase in viscosity. It was proposed that controlled
aggregation of the fat droplets in mixed systems could be used to formulate reduced-fat
products with textural characteristics similar to those of high-fat products. However, pHinduced fat droplet aggregation can only be utilized in products that have pH values close
to the isoelectric point of protein-coated fat droplets. Consequently, it is useful to
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identify alternative means of inducing fat droplet aggregation in mixed systems so that
this approach can be applied to a wider range of food products.
The purpose of the current study was to investigate the potential of using calciuminduced droplet aggregation to control the properties of model food dispersions
containing mixtures of protein-coated fat droplets and starch granules. In particular, we
aimed to develop a better mechanistic understanding of the influence of calcium content
on the microstructure and physicochemical properties of these systems. This information
may be useful in the design of reduced fat products with desirable quality attributes.
4.3 Experimental Methods

4.3.1 Materials
Commercial whey protein isolate (WPI) powder was provided by Davisco Foods
International (Le Sueur, MN, USA). The WPI was reported to contain 97.9% protein,
0.2% fat, and 1.9% ash. Modified starch (hydroxypropyl distarch phosphate) made from
waxy corn starch was provided by ConAgra Foods (Omaha, NE, USA). The modified
starch was reported to contain 0.6% ash. Calcium chloride dihydrate (CaCl2·2H2O),
hydrochloric acid (HCl), sodium azide and technical grade Nile red dye (CAS #7385-673) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium azide was used to
prevent microbial growth (but is not suitable for food use). Double distilled water was
used to prepare all solutions.
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4.3.2 Preparation of model dispersions
Aqueous WPI solution (0.033 wt% WPI) was prepared by dispersing a weighed
amount of WPI powder into buffer solution (0.02% sodium azide, pH 7.0). The WPI
solution was stirred for at least one hour at room temperature to ensure hydration. A
coarse oil-in-water emulsion (25 wt% oil) was prepared by mixing appropriate amounts
of WPI solution and canola oil (1:10 protein-to-oil) using a high-speed blender (Tissue
Tearor Model 985370-395, BiosPec Products Inc., Bartlesville, OK, USA) at 15,000 rpm
for 2 min. The resulting coarse emulsion was then passed through a high-pressure
homogenizer (Microfluidizer Model 110 L, Microfluidics, Newton, MA, USA) three
times at a chamber pressure of 10,000 psi to further reduce the size of the fat droplets.
After homogenization, the stock emulsion had a pH of ~7.2, which was then adjusted to
pH 7.0 using HCl solution.
A series of 2 wt% oil-in-water emulsions with different CaCl2 concentrations (0,
0.5, 1, 1.5, 2 and 3 mM) were prepared by mixing different ratios of stock emulsion,
stock CaCl2 solution (25 mM, pH 7.0), and buffer solution (pH 7.0). The emulsions were
stirred continuously (for at least one hour) prior to further treatment to ensure they were
homogeneous. Starch granule dispersions (4 wt%) with different calcium concentrations
(0, 0.5, 1.0, 1.5, 2.0, 3.0 mM) were prepared by mixing different ratios of modified starch
powder, stock CaCl2 solution, and buffer solution, and then stirring until further use.
Mixed emulsion-starch dispersions (model sauces) with different calcium
concentrations were prepared that contained 2 wt% fat and 4 wt% starch. Different ratios
of stock emulsion, stock CaCl2 solution, and buffer solution were mixed together
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following the same procedure as for preparing the pure emulsion samples, and then
modified starch was added.
Samples (pure emulsions, pure starch suspensions or mixed emulsion-starch
dispersions) (120 g) were placed in a 250 ml beaker and heated to 90 °C and then held for
5 minutes in a water bath (MGW Lauda KS6, LAUDA, Lauda-Königshofen, Germany).
Unheated samples with similar compositions were collected for comparison. The samples
were manually stirred occasionally during heating to ensure uniform heat distribution.
The mass of the samples was measured before and after this procedure, and was adjusted
back to the original moisture content (by adding buffer solution) prior to analysis to avoid
losses due to water evaporation.

4.3.3 Particle charge measurement
A particle micro-electrophoresis instrument (Zetasizer NanoZS, Malvern
Instruments, Ltd., Worcestershire, UK) was used to measure the electrical charge (ζpotentials) of the samples before and after heating. Samples were diluted 200-times using
buffer solution and then injected into a folded capillary cell (Malvern Instruments, Ltd.,
Worcestershire, UK) for analysis. The refractive index, viscosity, and relative dielectric
constant of the continuous phase were set at 1.330, 0.8872 mPa s and 78.5 respectively as
provided by the software database (version 6.30, Zetasizer, Malvern Instruments, Ltd.,
Worcestershire, UK). The instrument software was used to calculate the ζ-potentials from
the measured electrophoretic mobility data.
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4.3.4 Particle size measurement
The particle size distribution of the samples before and after heating was
measured using static light scattering (Mastersizer 2000, Malvern Instruments, Ltd.,
Worcestershire, UK). Model sauces and pure starch suspensions after heat treatment were
diluted 2-fold with buffer solution prior to analysis to eliminate multiple scattering effects.
Other samples were directly measured without pre-dilution. A few drops of the samples
were pipetted into a water diluting accessory (Hydro 2000 SM, Malvern Instruments,
Ltd., Worcestershire, UK) to obtain a light obscuration level of 11%-14%. The
instrument software (Mastersizer 2000, version 5.60) calculated the particle size
distribution based on Mie theory (ISO, 2009). A refractive index of 1.33 was used for the
continuous (water) phase (ISO, 2009), and a refractive index of 1.47 was used for the
dispersed phase, which is the value for a pure oil (Weast, 1985).
The particle sizes determined by light scattering on mixed particulate systems
should only be treated with caution due to a number of limitations of this method: (1) the
refractive index of the fat droplets and starch granules will be different, and it was
assumed that they are similar; (2) the refractive index and morphology of the particles
varies from sample to sample due to swelling of starch granules and flocculation of fat
droplets; and, (3) dilution and stirring of samples during measurements may alter the
structural organization of the dispersed phase. Consequently, particle size results obtained
by static light scattering should only be considered to provide a rough approximation of
the true size of the particles in highly aggregated multicomponent systems.
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4.3.5 Rheological properties

4.3.5.1 Experimental measurements
The rheological properties of the samples were characterized using a dynamic
shear rheometer (Kinexus, Malvern Instruments, Ltd., Worcestershire, UK) with a cupand-bob geometry at 25 °C. The bob had a diameter of 25 mm and the cup had a diameter
of 27.5 mm. The shear stress was measured as a function of shear rate (0.01-100 s-1) for
the samples. The rheological data was presented as shear stress versus shear rate profiles,
and as the apparent viscosity at a constant shear rate (20 s-1) selected to mimic oral
conditions (Rao, 2007; Shama, et al., 1973). Native starch granules tended to rapidly
settle during the rheological measurements causing inaccurate readings, and so only the
heat-treated samples containing swollen starch granules were analyzed by rheology.

4.3.5.2 Analysis of rheology data
Some of the samples behaved as Newtonian or Non-Newtonian fluids, whereas
others behaved as non-ideal plastics (exhibiting a yield stress). Different rheological
models were therefore used to analyze the shear stress versus shear rate profiles
depending on the nature of the sample. A power-law model was used to describe the
rheological properties of the fluids:
.

Power-law model: τ = K γ n

(1)
.

Here τ is the shear stress (Pa), γ is the shear rate (s-1), K is the consistency index
(mPa.sn), and n is the power law index. The consistency index provides a measure of the
viscosity of materials at very low shear rates (a high consistency index indicates a high
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viscosity of the sample). The power law index is a measure of the deviation of the fluid
from ideal behavior: n = 1 is ideal (Newtonian); n < 1 is shear thinning; and n > 1 is
shear thickening. The Hershel-Bulkley (HB) model was used to describe the rheological
properties of non-ideal plastics that showed a yield stress:
.

HB model: τ − τ 0 = K γ n

(2)
.

Here τ is the shear stress (Pa), τ0 is the yield stress (Pa), γ is the shear rate (s-1), K
is the consistency index (mPa.sn), and n is the power law index. The HB model was
selected to represent the rheological behavior of these systems since it contains analogous
parameters to the power-law model (i.e., K and n). The unknown parameters in the above
equations were found by finding the best-fit (least squares analysis) of the models to the
experimental measurement of shear stress versus shear rate using the instrument software
(rSpace, version 1.40, Malvern Instruments, Ltd., Worcestershire, UK). The power-law
model was chosen if the value of yield stress obtained by the HB model fitting was
unrealistic, i.e. τ0 < 0. The regression coefficients (r2) of the model fittings were all >
0.99.
For the lowest viscosity samples (emulsions), reliable rheological measurements
could only be made at shear rates from 5 to 100 s-1. Therefore, the power law model was
only applied to data within this shear rate range.

4.3.6 Optical properties and storage stability determination
A colorimeter (ColorFlez EZ, Model 45/0 LAV, HunterLab, Reston, VA, USA)
with a geometry of 45°/0° and pulsed xenon as the light source was used to measure the
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lightness (L*) of the samples after heating. In general, lightness values range from 0%
(black) to 100% (white). A fixed amount of sample was placed within a glass sample cup,
which was then covered with a white cover prior to measurement.
All heated samples were placed in sealed tubes and were stored at ambient
temperature for 30 days. The images of these samples were then recorded by digital
photography (Panasonic DMC-ZS8, Panasonic, NJ, USA) to provide an indication of
their storage stability.

4.3.7 Microstructure analysis
The microstructure of the samples was examined by Differential Interference
Contrast (DIC) and confocal microscopy (Nikon microscope D-Eclipse C1 80i, Nikon
Corporation, Melville, NY, USA). For DIC images, samples were mixed in a glass test
tube using a vortex to prepare a homogeneous mixture and then a small aliquot of this
sample was placed on a microscope slide and covered by a glass cover slip. A drop of
Type A immersion oil (Nikon, Melville, NY, USA) was placed on top of the cover slip,
and the specimens were observed using an oil immersion objective lens (60×, 1.40 NA)
along with a 1.0× camera zoom. DIC microscopy images of emulsions were then
obtained using a CCD camera (CCD-300-RC, DAGE-MTI, Michigan City, IN, USA) and
the images were processed by digital image processing software (Micro Video
Instruments Inc., MA, USA).
For confocal images, oils were dyed prior to emulsion formation. The
hydrophobic dye Nile red was added to the oil phase at a concentration of 0.1 mg per
gram of oil. The mixture was then stirred overnight in dark to completely dissolve the
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dye. The dyed oil was then used to prepare model dispersions as described in Section
4.3.2. A small amount of sample was pipetted onto a microscope slide, covered with a
cover slip, and then sealed with clear nail polish. An oil immersion objective lens (60×,
1.40 NA) was used to view the specimen. After the image was focused, Nile red was
excited by an air cooled argon ion laser (Model IMA 1010 BOS, Melles Griot, Carlsbad,
CA, USA) at 488 nm, its emission spectra were detected in the 605 channel equipped
with a long pass (LP) filter (HQ 605LP/75 m). All images were taken and processed by
the image processing software (EZ-CS1 version 3.8, Nikon, Melville, NY, USA).

4.3.8 Statistical Analysis
For the particle size and rheology measurements each individ- ual sample was
analysed twice, while for the particle charge and colour measurements each individual
sample was analysed three times. The whole experiment was repeated twice using newly
pre- pared samples. The mean and standard deviations were then calcu- lated from this
data.
4.4 Results & Discussion

4.4.1 Influence of calcium addition on particle characteristics

4.4.1.1 Fat droplets in simple emulsions
The influence of calcium chloride concentration and thermal treatment on the
microstructure and physiochemical properties of simple emulsions (containing only WPIcoated fat droplets dispersed in water) was initially investigated. In the absence of
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calcium chloride and heating, the fat droplets in the emulsions had a high negative charge
(≈ -70 mV), which can be attributed to the fact that the pH of the aqueous phase was well
above the isoelectric point (≈ pH 5) of the adsorbed WPI molecules (Charoen, et al.,
2011; Demetriades, et al., 1997a). There was little change in the electrical charge on the
protein-coated fat droplets (≈ -69 mV) when they were heated in the absence of calcium
(Figure 4.1). Without heating, there was a slight decrease in the negative charge (from
around -70 to -62 mV) on the protein-coated fat droplets when the calcium level was
increased from 0 to 3 mM, which can be attributed to electrostatic screening and ion
binding effects (McClements, 2005a). Earlier studies have shown that calcium ions only
weakly interact with native β-lactoglobulin (a major component of WPI) and did not
change the protein structure significantly (Foegeding, et al., 1995). With heating, there
was a more pronounced decrease in the negative charge on the fat droplets (from – 69 to 44 mV) with increasing calcium levels, particularly between 0.5 and 1 mM calcium. This
suggests that there may have been an increase in the ability of the calcium ions to bind to
the globular proteins at the fat droplet surfaces after they were thermally denatured. We
also observed a slight decrease in emulsion pH (from around 7.0 to 6.6) when the calcium
concentration was increased from 0 to 3 mM, which may have been due to interactions of
the multivalent calcium ions with the carboxyl groups on the adsorbed proteins: -COOH
+ Ca2+ → -COO-Ca2+ + H.
Without heating, the mean particle diameter (Figure 4.2) and particle size
distribution (Figure 4.3) of the emulsions was independent of calcium concentration (0 to
3 mM). This can be explained by the high negative charge of the emulsion droplets,
which resulted in strong electrostatic repulsion to stabilize droplets against flocculation.
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In addition, there must have been insufficient calcium ions present to promote bridging
flocculation. At higher calcium concentrations (> 5 mM) droplet flocculation was
observed in the unheated emulsions as demonstrated by an increase in particle size and
creaming instability (data not shown). After heating, there was a strong dependence of
the particle size on calcium content. At low calcium concentrations (≤ 0.5 mM Ca2+), the
mean particle diameter (Figure 4.2) and particle size distribution (Figure 4.3) was
unaffected by heating, being similar to the emulsions containing no calcium. At
intermediate to high calcium concentrations (1 to 3 mM), there was a large increase in
mean particle diameter (Figure 4.2) and a population of very large particles (> 100 µm) in
the particle size distribution (Figure 4.3) of the heated emulsions. This pronounced
increase in particle size was attributed to fat droplet flocculation induced by a
combination of heating and calcium ions.
When whey protein-coated fat droplets are heated above their thermal
denaturation temperature the layer of adsorbed proteins undergoes conformational
changes that lead to exposure of non-polar and sulfhydryl groups, thereby increasing the
hydrophobic attraction between the droplets (Demetriades, et al., 1997b; McClements, et
al., 1993). At relatively low salt levels, the electrostatic repulsion between the droplets is
sufficiently strong to overcome the attractive forces (van der Waals and hydrophobic),
and so the emulsion remains stable to flocculation. However, once a critical salt
concentration is exceeded the electrostatic repulsion is no longer strong enough to
overcome the attractive forces (van der Waals, hydrophobic, and ion bridging), and so the
emulsion flocculates. Our results suggest that both thermal denaturation (to increase the
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hydrophobic attraction) and calcium addition (to reduce the electrostatic repulsion) is
required to promote droplet flocculation in the systems studied.
The influence of calcium concentration on the microstructure of the emulsions
was observed by DIC microscopy (Figure 4.4). Emulsion droplets remained unaggregated at low calcium concentrations (≤ 0.5 mM), which was in agreement with the
static light scattering measurements. At high calcium concentrations (2 and 3 mM),
extensive flocculation was observed with almost all of fat droplets in the emulsions being
incorporated into aggregates. At intermediate calcium concentrations (1 and 1.5 mM)
large flocs were also observed, but there were also some smaller particles that appeared
to be individual fat droplets or small clusters of fat droplets. These smaller particles were
not detected by the light scattering instrument, probably because the larger aggregates
dominated the signal or because they were disrupted by stirring and dilution within the
measurement cell prior to analysis. In general, light scattering results on highly
flocculated systems should be treated with caution because: (i) flocs have ill-defined
refractive indices; (ii) flocs have irregular (non-spherical) shapes; (iii), the size, number,
and shape of flocs may change during measurements due to stirring and dilution
(Chantrapornchai, et al., 2001b). Consequently, it is important to support light scattering
data with microscopy data on these types of systems.

4.4.1.2 Starch granules in starch suspensions
In this series of experiments, the influence of calcium addition and heat treatment
on the microstructure and physicochemical properties of starch suspensions was
examined. The starch granules had slightly negative charges (-4 to -6 mV) that were not
strongly affected by calcium addition (0 to 3 mM) or thermal treatment (Figure 4.1). A
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slight negative charge on native starch granules at neutral pH has also been reported in
other studies (Considine, et al., 2011; Takeuchi, 1969; Wu, et al., 2013a). The nature of
the starch used in this study was hydroxypropyl distarch phosphate. Presumably, the
negative charge of the starch granules was due to ionization of phosphate groups (-PO3-)
and/or hydroxyl groups (-OH) on glucosyl and hydroxypropyl units of the polymer chain.
The relatively weak negative charge on the starch granules may account for the fact that
we did not observe a large change in ζ-potential (indicative of ion binding) when cationic
calcium ions were added.
The particle size of the starch granules was mainly affected by the thermal
process, rather than by the calcium level. The mean diameter of the heated starch
granules (≈ 37 µm) was considerably higher than that of the unheated ones (≈ 17 µm),
which can be attributed to water absorption and swelling associated with starch
gelatinization. The starch granules used in our study had previously been cross-linked
with phosphate and substituted with hydroxypropyl, which accounts for the fact that they
did not disintegrate during the gelatinization process and prevent retrogradation after
cooling down (Wurzburg, 2006). As mentioned earlier, the presence of calcium (0 to 3
mM) did not have a major impact on the particle size of the starch granules before or
after heating, suggesting that it did not promote aggregation or alter the swelling process.

4.4.1.3 Fat droplet – starch granule mixture
In this section, we examined the impact of calcium addition and heating on the
microstructure and physicochemical properties of model sauces containing a mixture of
fat (2 wt%) and starch (4 wt%). Before heating, the measured electrical charge on the
particles in the mixed system was similar to that of the fat droplets in the emulsions
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(Figure 4.1), which suggested that the ζ-potential measurements were dominated by the
fat droplets. As in the emulsions, the electrical charge on the particles in the unheated
mixed systems became slightly less negative as the calcium concentration was increased
from 0 to 3 mM (Figure 4.1), which suggest that there may have been some electrostatic
screening and ion binding effects. The magnitude of the ζ-potential in the mixed systems
was somewhat lower than in the simple emulsions at equivalent calcium concentrations,
which may have been due to the presence of the less charged starch granules (Wu, et al.,
2013a).
After heating, the measured electrical charge on the particles in the mixed systems
was strongly dependent on calcium ion concentration (Figure 4.1). There are a number of
possible reasons for this observation. First, there may have been an increase in calcium
ion binding to the fat droplet surfaces after heating due to protein unfolding (Section
4.4.1.1), which would reduce their negative charge. This effect may have been
accentuated in the presence of the starch since the effective calcium ion concentration in
the aqueous phase would have increased after the starch granules swelled (since there
was less free water present). Second, the heated mixtures containing high calcium levels
were highly viscous aggregated systems, and therefore there may have been some
problems making reliable ζ-potential measurements.
The influence of calcium addition and heating on the mean particle diameter
(Figure 4.2) and particle size distribution (Figure 4.5) of the mixed systems was also
investigated. Before heating, all the samples had bi-model distributions, with a small
peak around 0.2 µm attributed to the fat droplets and a large peak around 17 µm
attributed to the starch granules (Figure 4.5). The larger peak area for the starch than for
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the fat droplets was probably due to the higher concentration and stronger scattering
efficiency of starch granules (Wu, et al., 2013a). Calcium content did not affect the
particle size of the mixed systems before heating, which was in agreement with the
earlier observations for pure emulsion droplets and starch granules (Figure 4.2 and
Figure 4.3). After heating, the mean particle diameter of the mixtures increased
appreciably, and a single monomodal peak was observed in the particle size distribution
at high particle diameters (30 to 40 µm). As reported in our previous study, this peak was
presumably due to the presence of swollen starch granules that dominated the light
scattering signal (Wu, et al., 2013a). We observed appreciable fat droplet aggregation in
the simple emulsions after heating in the presence of ≥ 1 mM calcium (Figure 4.2). We
would therefore have expected fat droplet aggregation to also have occurred in the heated
mixed systems containing sufficiently high levels of calcium. However, droplet
aggregation could not be observed in the light scattering data, presumably because the
swollen starch granules dominated the overall signal. For this reason, we used optical
(DIC) microscopy to provide more detailed information about the structural organization
of the fat droplets in the mixtures (Figure 4.6).
All the mixed systems showed similar microstructures before heating regardless
of the initial calcium concentration. As an example, a representative image showing the
microstructure of the unheated mixed system containing no calcium is shown in Figure
4.6. The fat droplets were homogeneously dispersed throughout the aqueous phase that
surrounded the native starch granules. These images are in agreement with the bimodal
particle size distributions measured by light scattering (Figure 4.5). After heating, the
microstructure of the mixed systems was highly dependent on calcium concentration
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(Figure 4.6). At a low calcium concentration (0.5 mM), the fat droplets in the mixed
system appeared to be individual particles that diffused freely within the spaces between
the swollen starch granules, which was similar to what was observed in the mixed system
containing no calcium. At an intermediate calcium concentration (1.0 mM), the fat
droplets adhered to the surfaces of the swollen starch granules, and form a fat-starch
complex that appeared to link adjacent starch granules together (Figure 4.7).
Additionally, some free fat droplets were observed that moved freely in the spaces
between these complexes. As the calcium concentration increased to 1.5 mM, no free fat
droplets were seen in the system. Instead, the fat droplets aggregated into large flocs that
co-existed with those coating the starch granule surfaces. At high calcium concentrations
(2 and 3 mM), the fat droplets formed a three-dimensional network that occupied the
entire region surrounding the swollen starch granules.
Our results suggest that there was an attractive interaction between the fat droplets
and starch granules after heating in the presence of sufficiently high calcium levels,
which caused the fat droplets to form a coating around the swollen starch granules. This
attraction may have been due to van der Waals interactions between the flocs and starch
granules, electrostatic attraction between negatively charged groups on starch (e.g.
phosphate groups) and positively charged groups on protein (e.g., amino groups)
(Noisuwan, et al., 2007; Zaleska, et al., 2001), or ion bridge formation involving anionic
fat droplets, cationic calcium ions, and anionic starch granules. Indeed, previous studies
have reported that calcium ions can bind to hydroxypropyl distarch phosphate (Hood, et
al., 1977). At intermediate calcium concentrations (e.g., 1 mM) the strength of the
attractive interactions between the fat droplets is relatively weak, and so the individual
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droplets and any small flocs formed can easily move through the aqueous phase and
attach to the starch granule surfaces. On the other hand, at high calcium concentrations
(e.g., 3 mM) the strength of the attractive interactions between the fat droplets is
relatively strong, and so they tend to form a three-dimensional network in the aqueous
phase that is not free to move to the starch granule surfaces.
In summary, these results show that the aggregation state of the fat droplets in the
interstitial region separating swollen starch granules can be modulated by calcium
addition.

4.4.2 Influence of calcium addition on rheological properties
The influence of calcium on the rheological properties of heated mixed
dispersions (2 wt% fat, 4 wt% starch), starch suspensions (4 wt% starch), and simple
emulsions (2 wt% fat) was compared. Samples containing native starch granules were not
analyzed because they were highly unstable to sedimentation and therefore reliable
rheology measurements could not be made. The rheological behavior of the other
samples was characterized by measuring their shear stress versus shear rate profiles.
Representative rheological profiles of heated mixed dispersions containing different
calcium levels are shown in Figure 4.8a, and the apparent viscosities (at 20 s-1) of all the
samples are compared in Figure 4.8b. The rheological parameters of most of the samples
were calculated using appropriate mathematical models as described in Section 4.3.5.2
(Table 4.1). Reliable shear stress versus shear rate measurements could not be made on
the heated simple emulsions containing high calcium levels due to extensive droplet
aggregation and so these samples were not analyzed further.
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The simple emulsions at low calcium concentrations had relatively low
consistencies (< 1 mPa at 1 s-1) and exhibited Newtonian fluid behavior (n ≈ 1) (Table
4.1), which can be attributed to the fact that they contained a relatively low concentration
of non-aggregated fat droplets (Pal, 2011). The starch suspensions had relatively high
consistencies (240-370 mPa at 1 s-1) and exhibited shear thinning behavior (n = 0.78 to
0.85), but their rheology did not depend strongly on calcium concentration (Table 4.1,
Figure 4.8b). As discussed earlier, calcium addition did not have a major effect on the
size or aggregation state of the starch granules (Section 4.4.1.2) and therefore would not
be expected to have a major influence on the rheological properties of starch suspensions.
Conversely, the rheology of the mixed dispersions containing fat droplets and starch
granules depended strongly on calcium content (Table 4.1). The mixed dispersions all
had high consistencies (260-3,900 mPa at 1 s-1) and exhibited shear-thinning behavior (n
= 0.47 to 0.82). At low calcium levels the mixed systems behaved as non-Newtonian
(shear-thinning) liquids, but at higher levels they behaved as non-ideal plastics with a
yield stress (Figure 4.8a). Interestingly, the mixed system (2 wt% oil and 4 wt% starch)
containing intermediate calcium levels (1 -3 mM) prepared in this study had higher
viscosities than higher fat mixed system (10 wt% canola oil and 5 wt% modified starch)
containing non-aggregated fat droplets reported previously (Chung, et al., 2012b). This
suggests that a controlled droplet aggregation may be a useful strategy to create reduced
fat products.
Differences in the rheological behavior of mixed dispersions containing different
calcium levels were related to differences in their microstructures. The mixed dispersions
containing low calcium levels (0.5 mM) had fairly similar flow characteristics to those

91

containing no calcium (Figure 4.8a), which can be attributed to the fact that the fat
droplets were not strongly aggregated (Figure 4.6). The mixed systems containing
intermediate calcium levels (≈ 1 - 3 mM) had high yield stresses and apparent viscosities
(Figure 4.8b, Table 4.1), which may have been due to the formation of a coating of fat
droplets around the starch granules that linked them together (Figure 4.6). In this case,
the starch granules may have formed a three-dimensional particle network that gave the
overall system some elastic properties (Dickinson, 2012; Dickinson, et al., 1999). When
the calcium concentration was increased further, there was a decrease in apparent
viscosity and yield stress, which may be associated with changes in the structural
arrangement of the fat droplets in the system. Rather than accumulating at the starch
granule surfaces, the fat droplets formed a fairly uniform three-dimensional network of
aggregated droplets throughout the interstitial region separating the starch granules. This
network may have provided some elastic properties to the mixed dispersion, but the
mechanical strength of the network formed by the fat droplets may have been weaker
than the one formed by the starch granules. Indeed, the starch granules may even have
acted as inactive fillers that did not contribute to the overall strength of the fat droplet
network (Dickinson, 2012; Dickinson, et al., 1999).

4.4.3 Influence of calcium addition on appearance
The appearance of an emulsion-based food is one of its most important sensory
attributes since it strongly influences a consumers’ judgment of product quality. The
influence of calcium addition on the optical properties (lightness) of the simple
emulsions, starch suspensions, and mixed dispersions were therefore determined using a

92

colorimeter immediately after heat treatment (Table 4.1). In the absence of calcium, the
simple emulsions had a high lightness (≈ 91%), which can be attributed to the strong light
scattering efficiency of the small fat droplets they contain (McClements, 2002b). At low
calcium levels (0.5 mM), the lightness of the emulsions (≈ 91%) was similar to that of the
control emulsions due to the fact that the droplets were not strongly aggregated and
therefore their light scattering efficiency was not changed appreciably. At higher calcium
levels there was an appreciable decrease in the lightness of the emulsions, which suggests
that there was a change in the light scattering pattern after the fat droplets aggregated
(Chantrapornchai, et al., 2001a; McClements, 2002b).
The lightness of the starch suspensions was relatively independent of calcium
concentration, and was much lower than that of the simple emulsions (Table 4.1). This is
because starch granules absorb water during gelatinization, which reduces their refractive
index contrast and increases their particle size thereby reducing their light scattering
efficiency (McClements, 2002b). Similar results have been reported in other recent
studies of gelatinized starch suspensions (Chung, et al., 2013b; Wu, et al., 2013a). The
influence of calcium addition on the optical properties of the mixed dispersions followed
a similar trend to that of the simple emulsions: the lightness decreased as the calcium
concentration increased. Again, this effect can be attributed to the lower light scattering
efficiency of the flocculated fat droplets compared to non-flocculated ones
(Chantrapornchai, et al., 2001a).
Finally, we examined the influence of calcium addition on the overall visual
appearance of the samples after they were stored for 30 days at ambient temperature
(Figure 4.9). When there was no or low (≤ 0.5 mM) calcium present, the simple
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emulsions remained stable throughout the observation period. At intermediate calcium
levels (1 mM), part of the fat droplets formed a visible cream layer on the surface of the
emulsions, while the rest remained uniformly dispersed throughout the system. This
confirmed the observations made using optical microscopy (Figure 4.4c), which also
showed the presence of some individual fat droplets and small clusters at similar calcium
levels. As discussed earlier, at this calcium concentration the attractive interactions
between the fat droplets will be relatively weak and so a fraction of them may not
aggregate. At higher calcium levels (≥ 1.5 mM), the simple emulsions were highly
unstable to creaming with a white layer of fat droplets forming on their surface within a
day or so. Eventually, all the fat droplets were incorporated into the cream layer, leaving
a transparent continuous phase at the bottom of the samples after 30 days storage (Figure
4.9). The increased instability of the emulsions to creaming in the presence of high
calcium levels can be attributed to the greater rate of gravitational separation of larger
particles (Charoen, et al., 2011; Demetriades, et al., 1997b; McClements, 2005a). The
mixed dispersions were visibly stable to separation after 30 days storage at all calcium
concentrations, which can be attributed to the ability of the starch granule network to
inhibit fat droplet movement. After the storage stability test, the tubes containing the
mixed dispersions were inverted. The mixed dispersions containing low calcium levels (≤
0.5 mM) were highly viscous materials that slowly flowed out of the tubes, which can be
attributed to the fact they had no appreciable yield stress (Table 4.1). On the other hand,
the mixed dispersions containing higher calcium levels (≥ 1 mM) did not flow, and
appeared to have a relatively strong gel-like texture, which can be attributed to the fact
they did have a yield stress (Table 4.1).
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The surface appearance of the mixed dispersions also depended on calcium
content: the systems containing 1 mM calcium were grainy, whereas those containing
higher calcium contents were smooth. This macroscopic difference in appearance was
probably due to microscopic differences in the structural organization of the particles in
the mixed dispersions: at 1 mM calcium the individual starch granules were coated by fat
droplets, whereas at higher calcium levels the starch granules were trapped within a
network of aggregated fat droplets (Figure 4.6).
4.5 Conclusions
This study was designed to determine the impact of calcium addition on the
microstructure and physicochemical properties of mixed dispersions containing starch
granules and fat droplets, which are models for many commercial products such as
sauces, dressings, and desserts (Arocas, et al., 2011; Guardeno, et al., 2011; Sikora, et al.,
2008). Initially, the influence of calcium content on protein-coated fat droplets and starch
granules was studied separately. The properties of the starch granule suspensions were
primarily determined by thermal processing, rather than by calcium addition. On the
other hand, the properties of the simple emulsions were strongly affected by both calcium
addition and thermal processing. The degree of droplet aggregation in the emulsions
could be changed by altering the calcium ion concentration, which was attributed to
charge neutralization, ion binding, and salt bridge formation.
Light scattering, optical microscopy, and rheology measurements showed that
droplet aggregation in mixed dispersions containing fat droplets and starch granules also
depended on calcium content. At low calcium levels, no droplet aggregation was
observed and the mixed dispersions were non-ideal viscous fluids. At intermediate
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calcium levels, the fat droplets aggregated onto the surfaces of the swollen starch
granules and appeared to form a starch granule network that gave the system some
mechanical strength. At high calcium levels, the fat droplets formed a three-dimensional
network in the aqueous phase that appeared to trap the swollen starch granules, which
caused a decrease in mechanical strength. This study has provided an improved
understanding of the influence of the structural organization of fat droplets and starch
granules in complex mixed dispersions on their physicochemical properties. These results
may be useful for the rational development of reduced fat products with improved
physicochemical properties and sensory attributes.
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Figure 4.1. Effect of calcium chloride concentration and thermal treatment (90 °C, 5
min) on the electrical characteristics (ζ-potential) of particles in simple emulsions (2
wt% fat), mixed dispersions (2 wt% fat + 4 wt% starch) and starch suspensions (4
wt% starch). Here: E = Emulsion; Mix = Fat droplets + Starch granules; S = Starch
granules; U = Unheated; and H = Heated.
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Figure 4.2. Influence of calcium chloride content and thermal treatment (90 °C, 5
min) on the mean particle diameter of (d32) of simple emulsions (2 wt% fat), mixed
dispersions (2 wt% fat + 4 wt% starch) and starch suspensions (4 wt% starch).
Here: E = Emulsion; Mix = Fat droplets + Starch granules; S = Starch granules; U =
Unheated; and H = Heated.
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Figure 4.3. Influence of calcium concentration and thermal treatment (90 °C, 5 min)
on the particle size distribution of emulsions. Here: U = Unheated and H = Heated.
Only the emulsions at calcium concentration of 0, 0.5, 1, 2 mM were shown for the
sake of clarity.

Figure 4.4. DIC images of simple emulsions with different calcium concentrations
after heat treatment. The red arrow shows small particles (non-aggregated fat
droplets or small flocs). Black arrows show large aggregates. The scale bars are 50
µm in length.
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Figure 4.5. Influence of calcium concentration and thermal treatment (90 °C, 5 min)
on the particle size distribution of mixed dispersions (2 wt% emulsion + 4 wt%
starch granules). Here: U = Unheated and H = Heated. At calcium concentration of
0.5 and 3 mM, particle size distribution had identical pattern. Therefore, only the
mixture at calcium concentration of 0, 1, 2 mM were shown for the sake of clarity.
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Figure 4.6. DIC images of mixed dispersions at different calcium concentrations.
Symbol “S” denotes gelatinized starch granules. Red arrows show location of fat
droplets. The scale bars are 50 µm in length.

Figure 4.7. DIC and Confocal microscopy images of mixed dispersions at 1 mM
calcium concentration. Symbol “S” denotes gelatinized starch granules. Red arrows
show location of fat droplets. All images were obtained at the same location of the
microscope slide. The two confocal images were obtained at different focal points.
The scale bars are 50 µm in length.
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Figure 4.8. Influence of calcium content on (a) the shear stress versus shear rate
profiles of heated mixed dispersions and (b) the apparent shear viscosity at 20 s-1 of
emulsions (E, 2 wt% fat droplets), starch suspensions (S, 4 wt% starch granules),
and mixed dispersions (Mix, 2 wt% fat droplets + 4 wt% starch granules) after
heating (90 ºC, 5 min).
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Figure 4.9. Visual appearance of heated processed emulsions and mixed dispersions
at different calcium levels after 30 days storage at room temperature.
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Table 4.1. Summary of rheological parameters determined by fitting mathematical
models to the shear stress versus shear rate data, and of the instrumental lightness.
Rheology model parameters
Lightness
Calcium (mM)
Yield stress (Pa)
K(mPa.sn)
n
(%)
Emulsions	
  
0
0.67 ± 0.03P
1.11 ± 0.01P
91.1 ± 0.0
P
0.5
0.57 ± 0.03
1.15 ± 0.01P
91.4 ± 0.0
P
P
1
4.2 ± 3.8
0.79 ± 0.28
89.0 ± 0.4
1.5
ND
ND
80.6 ± 0.0
2
ND
ND
79.7 ± 5.5
3
82.6 ± 3.5
Starch	
  Suspensions	
  
0
288 ± 93P
0.82 ± 0.04P
32.8 ± 0.8
P
P
0.5
370 ± 180
0.78 ± 0.07
33.3 ± 1.7
1
226 ± 9P
0.85 ± 0.01P
34.4 ± 2.2
1.5
260 ± 11P
0.83 ± 0.01P
33.4 ± 3.1
P
P
2
237 ± 4
0.84 ± 0.01
33.3 ± 2.5
3
290 ± 100P
0.82 ± 0.06P
33.4 ± 1.7
Mixed	
  Systems	
  
0
260 ± 30P
0.82 ± 0.03P
90.4 ± 0.3
P
P
0.5
510 ± 80
0.65 ± 0.05
91.0 ± 0.9
1
22.6 ± 1.5H
1670 ± 40H
0.63 ± 0.03H
89.8 ± 0.2
H
H
H
1.5
15.8 ± 3.4
1230 ± 40
0.76 ± 0.01
88.4 ± 1.2
2
9.0 ± 0.8H
1960 ± 370H
0.64 ± 0.04H
88.1 ± 1.4
H
H
H
3
2.9 ± 1.7
3900 ± 150
0.47 ± 0.02
86.4 ± 0.9
Note: Letters indicates the type of rheology models (P: Power-law model; N: Newtonian
model and H: Hershel-Bulkley model) that used to obtain the corresponding values.
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CHAPTER 5
5. FABRICATION OF LOW FAT FOODS BY CONTROLLED
AGGREGATION OF OPPOSITELY CHARGED LIPID DROPLETS AND
POLYSACCHARIDES
5.1 Abstract
The effect of xanthan (0.005, 0.01, 0.02 wt%) on the microstructure and
physicochemical properties of model sauce system (5 wt% whey protein isolate-stabilized
oil droplets and 4 wt% starch) was investigated. Emulsion droplet aggregation was
induced by xanthan gum as a result of bridge flocculation, when the pH value of the
system was lower than the isoelectric point of absorbed protein (e.g., pH 3). Heating does
not have obvious effect on xanthan-induced aggregation, but allows the starch granules to
swell. The structural arrangement of fat droplet aggregates can be regulated by the
xanthan level: small aggregates were formed at low xanthan level and coated around the
surface of starch granules; as the xanthan content increased, aggregation became more
extensive and resulted to large irregular-shaped particles. By using controlled aggregation
principal, addition of small amount of xanthan significantly increased the viscosity, yield
stress and complex modulus of the model sauces. It was found that the amount of xanthan
should be kept low, since aggregates became visible and may negatively affect the
sensory quality of the product if high level of xanthan was used. The study has important
implications for the development of cost-effective and clean label reduced-fat products
with desirable quality attributes.
5.2 Introduction
In awake of the health issues related with high-calorie diet, there was a strong
focus in the development of low-fat products in the food industry (Lee, et al., 2013; Van
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Kleef, et al., 2012). However, reducing fat content in foods has only had limited success,
as fat content is important for aspects such as taste, flavor, appearance and texture (van
Aken, et al., 2011). Recently, there was growing interest in using structural design
approaches to overcome sensory problems associated with reduced fat products, since the
microstructure of many colloidal particles can be fine tuned to deliver functional
ingredients, modify texture and appearance (Chung, et al., 2013b; Fernández Farrés, et
al., 2014; Laneuville, Paquin, et al., 2005; Patel, et al., 2013; Simo, et al., 2012; Wu, et
al., 2013b; Wu, et al., 2013c; Wu, et al., 2014; Wu, et al., 2015a; Wu, et al., 2015b).
Aggregation is often considered undesirable, because it drives creaming
instability which is a defect for many liquid-based products (McClements, 2005a).
However, in a system concentrated with colloidal particles, aggregation results to a threedimensional network that inhibits droplet movement and traps continuous phase, thus can
lead to increased viscosity and even gel-like structure (Mao, et al., 2012d). Additionally,
studies have demonstrated that saliva-induced aggregation of protein-coated lipid
droplets may account for the desirable mouthfeel of some full-fat products, since this
increases the perceived viscosity in the mouth (Silletti, et al., 2007; van Aken, et al.,
2007). Our previous studies on a model sauce system - bimodal particulate suspension
containing starch granules and protein-stabilized fat droplets - showed that its rheological
properties can be regulated by controlling the aggregation state of the fat droplets (Wu, et
al., 2013b; Wu, et al., 2013c). These studies showed that aggregation may deliver useful
properties if the state of aggregation is carefully regulated. The principle to control
emulsion aggregation is through regulating interfacial properties of the emulsion droplets
and induce electrostatic attraction between the colloidal particles (Mao, et al., 2012b).
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Aggregation of the fat droplets can occur when the pH values were around the isoelectric
point (pI) of proteins on the fat droplets, where electrostatic repulsion was minimum; it
can also occur by adding cations to the system when the pH values were above the pI
value of proteins, where the negative charges on emulsion droplets were neutralized (Wu,
et al., 2013b; Wu, et al., 2013c). In order to apply this controlled aggregation approach to
products at acidic conditions, we therefore propose using negatively charged
polysaccharides such as xanthan gum to induce fat droplet aggregation when the pH
values were below the pI value of proteins, since the negatively charged polymer can
interact with positively charged protein and induce bridge flocculation (Laneuville, et al.,
2000). Although xanthan gum has been widely used in low fat products for its thickening
functionality, a high concentration of xanthan is typically needed in order to deliver
desired texture quality (Lee, et al., 2013; Samavati, et al., 2012).
The current study aimed to evaluate the potential of using xanthan-induced
droplet aggregation to control the properties of model sauce system containing mixture of
protein-stabilized fat droplets and starch granules under acidic condition (when pH < pI).
This information may be useful in the development of cost-effective and clean-label
approaches for formulating reduced-fat products with desirable quality attributes.
5.3 Experiment Methods

5.3.1 Materials
Whey protein isolate (WPI) was donated by Davisco Foods International (Le
Sueur, MN, US). The WPI contains 97.9 wt% protein, 0.25 wt% fat, and 1.9 wt% ash
according to the product specification. Canola oil and Modified starch (hydroxypropyl
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distarch phosphate, derived from waxy corn starch) were provided by ConAgra Foods
(Omaha, NE, US). Xanthan gum is a gift from TIC Gums (Pre-Hydrated® Ticaxan®
Xanthan, White Marsh, MD, US). According to the manufacture, average molecular
weight of the xanthan gum was 500 kDa. Hydrocholoric acid (HCl), sodium azide and
technical grade Nile Red dye (CAS#7358-67-3) were purchased from Sigma-Aldrich (St.
Louis MO, US). Type A immersion oil was purchased from Nikon (Melville, NY, US).
Double distilled water was used to prepare solutions. All the materials were used as is in
this study.

5.3.2 Preparation of model dispersions

5.3.2.1 Preparation of stock solutions
Weighted amount of WPI powder were dispersed into double distilled water to
prepare WPI solution at concentration of 0.033 wt% WPI. The WPI solution was stirred
for at least one hour at room temperature to ensure proper hydration. A coarse oil-inwater emulsion, containing 25 wt% canola oil, was prepared by mixing appropriate
amount of WPI solution and oil (1:10 protein-to-oil ratio) using a high-speed blender
(Tissue Tearor Model 985370-395, BiosPec Products Inc., Bartlesville, OK, US) at
15,000 rpm for 2 min. The coarse emulsion was homogenized by passing through a highshear fluid processor (Microfluidizer Mod- el 110 L, Microfluidics, Newton, MA, USA)
three times at a chamber pressure of 10,000 psi.
Xanthan gum stock solution (0.5 wt%) was prepared by dispersing weighted
amount of xanthan powder into double distilled water, followed by overnight stirring at
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room temperature.

Sodium azide (0.01 wt%) was added to the xanthan gum stock

solution and the emulsion dispersion to prevent microbial growth.

5.3.2.2 Preparation of dispersions
A series of 5 wt% oil-in-water emulsions with different xanthan gum
concentrations (0, 0.005, 0.01, 0.02 wt%) were prepared by mixing different ratios of
stock emulsion (25 wt% oil), stock xanthan gum solution (0.5 wt%), and double distilled
water. Pure starch dispersions (4 wt%) with various xanthan gum concentrations were
prepared by mixing weighted amount of modified starch with xanthan stock solution and
double distilled water. After mixing, the pHs of the pure emulsion and pure starch
dispersions were then rapidly adjusted to pH 3 by a HCl solution.
Mixed emulsion-starch dispersions (model sauce) containing 5 wt% emulsion, 4
wt% starch and various amount of xanthan gum (0, 0.005, 0.01, 0.02 wt%) were prepared
by mixing different ratios of stock emulsion, xanthan stock solution, and modified starch
powder. The pH of the mixed dispersions was rapidly adjusted to pH 3 or pH 7.
Samples (simple emulsions, pure starch suspensions and mixed emulsion-starch
dispersions at pH 3 and 7) (120g) were placed in a 250 ml beaker and heated to 90 °C and
then held for 5 min in a water bath (MGW Lauda KS6, LAUDA, Lauda-Königshofen,
Germany). During heating, the samples were manually stirred occasionally to ensure
uniform heat distribution. The loss of mass due to water evaporation was compensated
after the heat process by adding pH adjusted double distilled water. Unheated samples
with the same composition were collected as well for comparison.
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5.3.3 Characterization of particle properties
The ζ-potential of the samples with or without heat treatment was characterized
by a particle micro-electrophoresis instrument (Zetasizer NanoZS, Malvern Instruments,
Ltd., Worcestershire, UK) as described in our previous studies (Wu, et al., 2013b; Wu, et
al., 2013c). Namely, samples were diluted 200-times with pH-adjusted double distilled
water (at the pH matching the continuous phase) and were introduced into a folded
capillary cell (Malvern Instruments, Ltd., Worcestershire, UK). The instrument software
(Version 6.30, Zetasizer, Malvern Instruments, Ltd., Worcestershire, UK) recorded the
electrophoretic mobility data and converted it to ζ-potentials.
The particle size of the samples with or without heat treatment was determined by
static light scattering (Mastersizer 2000, Malvern Instruments, Ltd., Worcestershire, UK)
following the same procedures as described in our previous studies (Wu et al., 2013a; Wu
et al., 2013b). To prevent multiple scattering effects, model sauces and pure starch
dispersions after heating were diluted 2-fold with pH adjusted double distilled water (at
the pH matching the continuous phase). The model sauces and pure starch dispersions
before heat treatment and the pure emulsion dispersions before/after heat treatment were
all analyzed directly without pre-dilution. The instrument software (Mastersizer 2000,
Version 5.60) calculated the particle size distribution and mean diameters based on Mie
theory (ISO, 2009). The volume-based mean diameter (D4,3) was reported here.
The effect of xanthan gum on the microstructure of model dispersions was
examined by Differential Interference Contrast (DIC) and confocal microscopy (Nikon
micro- scope D-Eclipse C1 80i, Nikon Corporation, Melville, NY, USA). An oil
immersion objective lens (60×, 1.40 NA) with a 1.0× camera zoom was used to observe
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the specimens. Confocal microscopy is used to visualize the oil fraction in the samples.
For the confocal images, a few drops of Nile red solution (1 mg/ml ethanol) were added
to the dispersions before heat treatment to dye the oil phase. Nile red was then excited by
an air-cooled argon ion laser (Model IMA 1010BOS, Melles Griot, Carlsbad, CA, US) at
488 nm, the emission spectra of which were detected in the 605 channel with a long pass
(LP) filter (HQ 605LP/75m). The confocal images were examined using the image
processing software (EZ-C1 Version 3.8, Nikon, Melville, NY, US). All microscopy
images were captured by a CCS camera (CCD-300-RC, DAGE-MTI, Michigan City, IN,
USA) and were processed by an image processing software (Micro Video Instruments
Inc., MA, USA).

5.3.4 Determination of rheological properties
The rheological properties of the samples were characterized by large and small
deformation tests using a dynamic shear rheometer at 25 °C (Kinexus, Malvern
Instruments, Ltd., Worcestershire, UK). All the tests were performed using serrated
parallel plates with diameters of 65 mm for the lower plate and 40 mm for the upper plate
at a gap of 1 mm in order to eliminate wall-slip issues of colloidal systems (Buscall,
2010). The shear stress v.s. shear rate (0.01 - 30 s-1) test was conducted on the samples
and the result was presented as shear stress and apparent viscosity versus shear rate
profiles. The yield stress of samples was determined by a stress sweep measurement.
Namely, stress ramped from 0.1 to 10 Pa and the stress at which the viscosity reached
maximum was determined as the yield stress. The viscoelastic property of the samples
was characterized by small amplitude oscillation test. The oscillation test was performed
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at a 1% strain, and frequency sweep from 10 Hz (62.8 rad/s) to 0.01 Hz (0.06 rad/s). The
viscoelastic property of the samples was presented as complex modulus (G*) versus
frequency profile.

5.3.5 Appearance
The heated model sauces (20 ml) with various xanthan concentrations at pH 3
were placed in the cup of a couette geometry using the Kinexus rheometer (Malvern
Instruments, Ltd., Worcestershire, UK). The bob was lowered into the cup and retracted
at fixed speed and force as set by the default setting of the instrument, thus a thin layer of
sauce covered surface of the bob and its appearance was captured by a digital camera
(Panasonic DMC-ZS8, Panasonic, NJ, US). In addition, the appearance and texture
(consistency) of the heated model sauce were visualized by tilting a spoonful of samples
and were recorded by the digital camera.

5.3.6 Statistical analysis
Each individual sample was measured in triplicate for all the tests and all the
experiments were repeated twice using freshly prepared samples. The mean and standard
deviations were calculated based on this data.
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5.4 Results & Discussion

5.4.1 Effect of xanthan on microscopic characteristics

5.4.1.1 Oil droplets in simple emulsions
In this section, the influence of xanthan and heat treatment on the particle
properties of simple emulsions (WPI-stabilized oil droplets in water) was investigated.
Under acidic conditions (pH 3), simple emulsions containing various xanthan
concentrations were positively charged and their charge properties were not affected by
the heat treatment (Figure 5.1). This is because the electric properties of emulsion are
primarily determined by the charge properties of the emulsifier. The WPI is an
amphoteric polymer with an isoelectric point (pI) at around 4.6, due to the presence of
ionizable carboxyl (-COOH ↔ -COO-) and amino (-NH2 ↔ -NH3+) groups (Wu, et al.,
2013c). Consequently, when the pH is lower than the pI of WPI (e.g., pH 3), the emulsion
droplets are positively charged, and when the pH is higher than the pI, they are negatively
charged. Increase of xanthan content reduced the ζ-potential of the model sauce
dispersion: the ζ-potential of the heated model sauce, for example, dropped from 62.3
mV to 39.0 mV as xanthan content increased from the 0 to 0.02 wt%. Xanthan is a
negatively charged polysaccharide with high charge density (Lii, et al., 2002). When
mixing with the emulsion droplets, the negatively charged xanthan probably interacted
with the emulsion droplets and neutralized the positive charges as a result of charge
screening and ion binding effects (McClements, 2005a).
Xanthan content demonstrated significant impact on the particle size distribution
of the emulsion droplets. In absence of xanthan gum, emulsion droplets had a mono-
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model distribution (Figure 5.2) with a mean diameter (D4,3) of 0.25 µm. As the xanthan
concentration increased, the peak in particle size distribution profile shifted to right with
broader peak width (Figure 5.2), corresponding to growth in particle dimension (Table
5.1). In the absence or at low concentration (0.005 wt%) of xanthan, thermal treatment
did not have obvious effect on the particle dimension (Figure 5.2). At high xanthan
concentrations (0.01 or 0.02 wt%), the mean particle sizes were not statistically different
(Table 5.1), although the size distribution peak appeared to skew toward the left slightly
(Figure 5.2). The effect of xanthan on the microstructure of emulsion droplets can be
visualized using confocal microscope (Figure 5.3). Without the presence of xanthan, the
emulsion droplets had small particle size and remain unaggregated in the continuous
phase, which was in agreement with the static light scattering measurements (Figure 5.2,
Table 5.1). This is probably because the high positive charge on the emulsion droplets
resulted in strong electrostatic repulsion that prevented droplets from aggregation. It
should be noted that a small amount of loose aggregates was observed for simple
emulsion at pH 3 (data not shown), which was likely resulted from some irreversible
interaction occurred when the pH was adjusted passing the pI of whey protein.
In presence of xanthan, emulsion droplets flocculated forming fibrous
microstructure (Figure 5.3). In addition, there was a strong dependence of aggregation on
the xanthan content: the droplets became more aggregated as the xanthan concentration
increased; when the xanthan concentration reached to 0.01 wt%, there were aggregates
formed visible to naked eyes. Similar droplet aggregation can be induced by addition of
calcium ion to negatively charged emulsions (Wu, et al., 2013b). It has been observed in
our previous study (Wu, et al., 2013b) that calcium had a more notable impact on the
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degree of aggregation when the samples were heated. Conversely, it appeared that by
adding xanthan to negatively charged oil droplets, aggregation occurred even without
heat process (Table 5.1). Based on the fibrous microstructure, bridging flocculation was
likely the primary driving force for droplet aggregation which may account for the
extensive droplet aggregation even without the heat process. The electrostatic interaction
between xanthan and whey protein has been reported before (Cheftel, et al., 1993;
Laneuville, et al., 2000), which also demonstrated the formation of fibrous structure.
Laneuville, et al. (2000) reported that size of the xanthan-WPI electrostatic complex was
largely affected by the xanthan-to-WPI ratio and the xanthan molecular weight. It should
be noted that, possibly due to the irregular shape of the aggregates, increased xanthan
concentration yielded to large standard deviation in the particle size measurement result
(Table 5.1). In addition, stirring and dilution during the static light scattering
measurement may alter the number, size and shape of the aggregates. Therefore, the
particle size result measured by static light scattering should be treated as qualitative data
only (Chantrapornchai, et al., 2001b).

5.4.1.2 Oil droplet-starch granule in mixed systems
In this section, we inspected the effect of xanthan, thermal treatment and pH on
the properties of oil droplet-starch granule mixtures (model sauces). It was found that
heat treatment had limited effect on the charge properties of the model sauces (Figure
5.1). At pH 3, pure starch suspension had relatively neutral charge; therefore, the overall
charge properties of model sauces are primarily determined by the charge properties of
emulsion droplets (Figure 5.1). It has been reported before that the hydroxypropyl
distarch phosphate carries slightly negative charge at neutral pHs (Wu, et al., 2013b; Wu,
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et al., 2013c). Consequently, the mixed dispersions had positive charges at pH 3 and
negative charges at pH 7. As described in section 5.4.1.1, negatively charged xanthan
gum can interact with positively charged emulsion at pH 3, hence the drop of ζ-potential
as xanthan content increased (Figure 5.1). Conversely, segregative phase separation
occurred as a result of electrostatic repulsion when the xanthan and emulsion were mixed
at pH 7 (data not shown).
The effect of xanthan content on the particle size distribution (Figure 5.4) and
mean particle size (Table 5.1) of the oil droplet-starch mixture was characterized with
static light scattering. The simple emulsion dispersion (Figure 5.2) and the pure starch
suspension at pH 3 were used as reference to locate the corresponding peak of emulsion
droplets and starch granules in the size distribution profile. Before heating and in the
absence of xanthan, the mixture at pH 3 showed bi-model distribution with a small peak
(at 0.21 µm) and a large peak (at 26.3 µm) attributed to oil droplets and starch granules,
respectively. It can be observed under the microscope (Figure 5.5) that emulsion droplets
remained unaggregated and homogeneously distributed throughout the continuous phase
surrounding native starch granules. This profile was similar to the mixture at pH 7 in the
presence of 0.02 wt% xanthan, because at this pH xanthan gum and oil droplets carried
the same charge (negative) and did not interact due to electrostatic repulsion. In the
presence of xanthan, the mixture at pH 3 showed mono-model distribution (Figure 5.4a).
At 0.005 wt% xanthan, the peak was located at 22.9 µm overlapping with that of starch
granule, which shifted rightwards and became broader as xanthan concentration
increased, indicating increase in particle size. In comparison to the mixture containing
0.005 wt% xanthan at pH 3, the peak of simple emulsion aggregates was located at 15.1
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µm (Figure 5.2). Because all the components (emulsion, xanthan and starch) were mixed
at neutral pH, followed by acidification to pH 3. Consequently, aggregation of emulsion
droplets trapped native starch granules in the flocs (Figure 5.5), which gave rise to the
increased particle size.
After heating, starch granules swelled due to water absorption and gelatinization
(Wu, et al., 2013b), where their mean particle size increased from 26 µm to 43 µm (Table
5.1). After heating, starch retained granule structure without disintegration due to the
previous cross-link modification (Wurzburg, 2006; Wurzburg, et al., 1970). The light
scattering result also demonstrated that addition of xanthan did not affect swelling of
starch granule (Figure 5.4b, Table 5.1).
After heating, oil droplet-starch mixture all had a single peak with large particle
diameters (30 - 40 µm, Figure 5.4b). This was probably because the large particle size of
swollen starch granules dominated the light scattering signal, thus resulted to the single
peak (Wu, et al., 2013b; Wu, et al., 2013c). When the mixture contained 0.01 or 0.02
wt% xanthan at pH 3, the size distribution profiles appeared to have a small shoulder
peak at 316 and 363 µm, respectively (Figure 5.4b), which were likely attributed to the
formation of large aggregates. In the contrast,
Additional information on the microstructure was obtained by the microscopy
analysis (Figure 5.5). Aggregation of emulsion droplets did not occur at pH 3 without the
presence of xanthan or at pH 7 with 0.02 wt% xanthan, therefore, the microscope images
showed that in these mixtures starch granules swelled appreciably and confined oil
droplets within the spaces between the starch granules (Figure 5.5). Addition of xanthan
at pH 3 had a significant impact on the microstructure of the model sauce system: droplet
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aggregation occurred, and as the xanthan content increased, the degree of aggregation
appeared to be enhanced. At 0.005 wt% xanthan, small fibrous aggregates formed
alongside the surface of starch granules that appeared to link starch granules together. At
0.01 wt% xanthan, aggregates had larger sizes which appeared to form three-dimensional
network that trapped starch granules. In addition, small amount of long fiber-like
structure can be observed, which may be responsible for the shoulder peak observed in
the light scattering result (Figure 5.4b). The appearance of these fibrous structures was
probably attributed to the property of xanthan gum. Xanthan is a rigid polyelectrolyte
with high charge density. During electrostatic attractive interaction, the polysaccharide
served as a template for the emulsion droplets to attach, hence the unique microstructure.
The focal point of the microscope was adjusted which revealed that the aggregates
covered around the starch granules (Figure 5.6). Similar result has been reported in our
previous study, where we demonstrated that when the emulsion droplets were negatively
charged, addition of intermediate concentration of calcium caused droplets aggregating
and coating on the surface of swollen starch granules (Wu, et al., 2013b). At high xanthan
concentration (0.02 wt%), emulsion droplets formed large fiber-like aggregates
embedded in the starch gel (Figure 5.5). The particle size of these aggregates was
substantially larger than the starch granules, which contributed to the shoulder peak at
around 158.5 - 2187.8 µm (Figure 5.4).
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5.4.2 Effect of xanthan on macroscopic characteristics

5.4.2.1 Influence of xanthan on rheological properties
In this section, the rheological properties of heated mixed dispersions (5 wt% oil,
4 wt% starch) with various xanthan concentrations were characterized and compared with
starch suspensions. The shear stress and shear viscosity versus shear rate profiles of the
sauces were presented in Figure 5.7. Additionally, the model sauces were subjected to a
shear stress ramping test to measure their yield stress and the values were listed in Table
5.1. All the samples showed shear thinning flow behavior with a yield stress, but their
rheological profile varied appreciably as the xanthan content (Figure 5.7, Table 5.1). In
the absence of xanthan, model sauce (5 wt% oil and 4 wt% starch) had similar
rheological profile as pure starch suspension with slight differences. At low shear rate (<
3 s-1), its shear stress and shear viscosity were slightly higher than the pure starch
suspension. In addition, the model sauce also had higher yield stress than the pure starch
suspension (Table 5.1). This was likely ascribed to the higher total effective volume
fraction of particles in the mixed system (Wu, et al., 2013c). As the shear rate increased (>
3 s-1), the shear stress and shear viscosity became smaller than the pure suspension, which
may result from the lubrication effect of emulsion droplets (Genovese, et al., 2007;
Menut, et al., 2012).
As the xanthan concentration increased, shear stress, shear viscosity and yield
stress of the samples became greater than the control model sauce (0 wt% xanthan) and
the pure starch paste (Figure 5.7, Table 5.1). Differences in the rheological characteristics
of model sauces containing variant xanthan content were resulted from the differences in
their microstructures (Figure 5.5). The negatively charged xanthan gum linked emulsion
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droplets and formed strong aggregates trapping water within the flocs which increased
the effective volume fraction of the particles, and hence the increased viscosity and yield
stress (Wu, et al., 2013c).When the xanthan level was at 0.005 and 0.01wt%, the
aggregates were formed in the interstitial region between starch granules generating an
extensive network that trapped starch inside (Figure 5.5). Presumably, such structure was
more difficult to deform under shear and contributed to high viscosity and yield stress. In
other words, these flocs were consisted of starch and emulsion droplets which trapped
more continuous phase and substantially contributed to high effective volume fraction.
When the xanthan content was at 0.02 wt%, large irregular aggregates were formed
throughout the interstitial region separating the starch particles. Because irregular-shaped
particles packed not as dense as the ordered shapes, they show higher viscosity at low
shear region (van Hecke, 2010; Wolf, et al., 2001).
Xanthan gum is widely used as a thickener to improve the viscosity of products
(Gamonpilas, et al., 2011; Lee, et al., 2013). One may argue that the increased shear
stress and viscosity was simply resulted from the presence of xanthan gum. We therefore
compared the rheological profile of the model sauces with starch suspension that
contained 0.02 wt% xanthan at pH 3 and the model sauce that contained 0.02 wt%
xanthan at pH 7. It was found that for the pure starch suspension, addition of xanthan had
little if any effect on the rheology of the suspension (Figure 5.7). This was probably
because the concentration of xanthan was too low to have a significant impact on the
viscosity. The model sauce containing 0.02 wt% xanthan at pH 7, on the other hand,
actually showed much lower shear stress, shear viscosity and yield stress than the control
model sauce (i.e. containing 0 wt% xanthan) at pH 3 at the shear rates tested. This result
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indicated that the increase in viscosity and yield stress was mainly caused by aggregation
of emulsion droplets. The reason model sauce with 0.02 wt% xanthan at pH 7 had lower
viscosity and yield stress than the control was not fully understood; a number of factors
may be responsible for this phenomenon: 1) at pH 7, starch granules had high negative
charges, addition of xanthan gum may inhibit starch granule swelling as a result of
repelling forces between the negative charges (Table 5.1), which in turn led to lower
effective volume fraction, hence the low viscosity (BeMiller, 2011); 2) the electrostatic
repulsion force originating from negatively charged starch granules, xanthan and
emulsion droplets at pH 7 in favor of flow; 3) the control sauce at pH 3 were prepared by
acidification of mixture at neutral pH, where the pI value was passed during the process.
It was likely that part of the emulsion droplets self-aggregated near the pI value and
remained at pH 3, so the emulsion-starch mixture at pH 3 had higher viscosity than the
mixture containing xanthan at pH 7.
Viscoelastic properties of the model sauces were characterized by a small
amplitude oscillation test and plotted as complex modulus (G*) versus frequency in
Figure 5.8. The oscillation test on the model sauces and starch suspensions revealed that
all the samples had solid-like behavior with the storage modulus (G’) higher than the loss
modulus (G”) at the tested frequencies (data not shown). The complex modulus (G*)
were used to indicate the stiffness of the viscoelastic properties of the model sauces
(Norton, et al., 2010). It can be seen that in the absence of xanthan, the model sauce had
slightly higher complex modulus than the starch suspensions, which was probably due to
its higher total effective volume fraction. The presence of 0.02 wt% xanthan did not have
apparent effect on the G* of starch suspension. This was probably because the xanthan
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concentration was too low to have an effect. As the xanthan concentration increased, the
model sauce became more and more stiff (i.e., increased G*) which were resulted from
the microstructure and state of the aggregation. In comparison, the model sauce at pH 7
had the lowest G* among all the samples, despite that it contained 0.02 wt% xanthan.
This further showed the importance of emulsion aggregation on the rheological properties
of the samples.

5.4.2.2 Influence of xanthan on the appearance
The consistency of the model model sauces can be perceived in Figure 5.9. When
the spoon was tilted, the control model sauce (0 wt% xanthan) flowed freely, forming
continuous stream of liquid. At the same fat content (5 wt% oil), products with 0.005 wt%
xanthan appeared much thicker which flow in the form of blobs. When the xanthan
concentration was as high as 0.01 or 0.02 wt%, the samples appeared to have gel like
texture which flowed much slower or resisted flow. These observations were in line with
the rheology measurement: the viscosity, yield stress and stiffness increased as the
xanthan content (Section 5.4.2.1). Although xanthan gum has been widely used in low fat
products for its thickening functionality, the amount of xanthan was typically much
higher in order to show a significant effect on the texture (Samavati, et al., 2012).
However, by utilizing the bridging flocculation principle to control droplet aggregation,
as low as 0.005 wt% of xanthan was needed to significantly improve the low fat model
sauce.
To visualize the macroscopic texture and appearance of the model sauce with
various xanthan content, we dipped the upper fixture (bob) of the couette geometry into
the bottom fixture (cup) containing 20 ml of samples at fixed speed and force. When the
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upper fixture was retracted, there was a thin layer of model sauce remained on the surface
of bob (Figure 5.9). It can be noticed that the control sauce (0 wt% xanthan) appeared to
be smooth and glossy. As the xanthan concentration increased, the appearance of the
samples became rough, which was likely resulted from the increased size of aggregates.
When the xanthan content was as high as 0.02 wt%, aggregated particle became visible.
Although the rheology properties improved significantly with the increased xanthan
content, it may not be suitable to add too much xanthan, since the appearance of the
aggregates may be deemed unacceptable, and large particle size may cause undesirable
mouthfeel. Additional sensory test is therefore required to evaluate and choose the
optimum xanthan content. Alternatively, one may use xanthan gum with lower molecular
weight than the one used in the current study or use other negatively charged
polysaccharide (e.g. pectin) but with lower charge density to replace xanthan gum; that
way more control over of the aggregation state may be possible, since the size and charge
density of polysaccharide molecules have strong impact on the electrostatic interaction
between protein and polysaccharides (Laneuville, Sanchez, et al., 2005; Lii, et al., 2002;
Schmitt, et al., 2011).
5.5 Conclusions
This study demonstrated the influence of xanthan gum on the microstructure and
physicochemical properties of model sauce system containing starch granules and whey
protein isolate-stabilized fat droplets. This model system was used to represent
liquid/semi-solid commercial products including sauces, salad dressings and some
desserts. The impact of xanthan on the physical properties of simple emulsion was first
investigated. At pH 3 (pH < pI), whey protein isolate became positive, and therefore
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interacted with negatively charged xanthan gum interacted. Due to the large molecular
size and high charge density of the polymer, bridge flocculation occurred as the main
driving force for droplet aggregation. It was found that aggregation state was independent
of heat process, but was highly related to the xanthan concentration: increased size of
aggregates was observed as the xanthan content increased. In the mixed dispersions
containing emulsion droplets and starch granules, xanthan had significant impact on the
microstructure and physicochemical properties of the model sauce. At low xanthan level,
the emulsion droplets formed small aggregates and coated on the surface of swollen
starch granules. At intermediate xanthan level, in addition to small aggregates coating the
starch surface, there was fraction of large fibrous aggregates present. At high xanthan
level, aggregation of fat droplets formed large particles with irregular shape, which
distributed in the interstitial space of starch. As the xanthan level increased, the viscosity,
yield stress and complex modulus of the model sauce increased accordingly, which may
be desirable for improving the texture quality of reduced fat products. In addition, by
controlled aggregation, the amount of xanthan used to increase the mechanical strength of
the model sauce was much lower than the level it is typically used, thus may be useful for
cost-saving. However, addition of high xanthan level may have negative effect on the
appearance of the product: aggregates were visible and resulted to products with rough
appearance. Therefore, future study needs to focus on using sensory tests to optimize the
composition and evaluate the potential of controlled aggregation on reduced-fat products.
Additionally, a polysaccharide with lower charge density or smaller molecular size may
be preferable to control the state of droplet aggregation.
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Figure 5.1. Influence of xanthan concentration (0 - 0.02 wt% xanthan), thermal
treatment (90 °C, 5 min) and pH (pH 3 or 7) on the ζ-potential of particles in simple
emulsions (5 wt% oil), starch dispersion (4 wt% starch), and mixed dispersions (5
wt% oil + 4 wt% starch). Here: E = Emulsion; S = Starch granules; Mix = Oil
droplets + Starch granules; U = Unheated; and H = Heated.
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Figure 5.2. Influence of xanthan concentration (0 - 0.02 wt% xanthan) and thermal
treatment (90 °C, 5 min) on the particle size distribution of simple emulsions (5
wt% oil) at pH 3. Here: E = Emulsion; X = Xanthan gum; U = Unheated; and H =
Heated.

Figure 5.3. Influence of xanthan concentration (0 - 0.02 wt% xanthan) and thermal
treatment (90 °C, 5 min) on the microstructure of simple emulsions (5 wt% oil) at
pH 3. Here: X = Xanthan gum. Oil was dyed with Nile red which is showed in red
color. The scale bars are 50 µm in length. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this chapter.)
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Figure 5.4. Influence of xanthan concentration (0 - 0.02 wt%) on particle size
distribution of mixed dispersions (5 wt% oil + 4 wt% starch) at pH 3 (a) before and
(b) after thermal treatment (90 °C, 5 min). The particle size distribution of the
mixed dispersion (5 wt% oil + 4 wt% starch) at pH 7 and starch dispersion (4 wt%
starch) containing 0.02 wt% xanthan were plotted for comparison. Here: S = Starch
granules; Mix = Oil droplets + Starch granules; X = Xanthan gum.
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Figure 5.5. Influence of xanthan concentration (0 - 0.02 wt% xanthan) and thermal
treatment (90 °C, 5 min) on the microstructure of mixed dispersions (5 wt% oil + 4
wt% starch) at pH 3. Here: X = Xanthan gum, S = Starch granules. For each
condition, both confocal and DIC images were obtained at the same location of the
microscope slide. For the confocal images, oil was dyed with Nile red which is
showed in red color. Arrows show location of oil droplets and symbol “S” denotes
the starch granules. The scale bars are 50 µm in length. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this chapter.)
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Figure 5.6. Confocal and DIC images of heated mixed dispersions (5 wt% oil + 4 wt% starch) containing 0.005 and 0.01 wt%
xanthan at pH3. Here: X = Xanthan gum, S = Starch granules. For each xanthan level, all the images were obtained at the
same location of the microscope slide, and the top images and bottom images were obtained at different focal points. For the
confocal images, oil was dyed with Nile red which is showed in red color. Arrows show location of oil droplets and symbol “S”
denotes the starch granules. The scale bars are 50 µm in length. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Figure 5.7. Shear stress (a) and shear viscosity (b) versus shear rate of heated mixed
dispersions (5 wt% oil + 4 wt% starch) containing various xanthan level at pH 3.
The rheology profile of the mixed dispersion (5 wt% oil + 4 wt% starch) at pH 7 and
starch dispersion (4 wt% starch) containing 0.02 wt% xanthan were plotted for
comparison. Here: S = Starch granules; Mix = Oil droplets + Starch granules; X =
Xanthan gum.
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Figure 5.8. Complex modulus (G*) versus oscillation frequency of heated mixed
dispersions (5 wt% oil + 4 wt% starch) containing various xanthan levels at pH 3.
The rheology profile of the mixed dispersion (5 wt% oil + 4 wt% starch) at pH 7 and
starch dispersion (4 wt% starch) containing 0.02 wt% xanthan were plotted for
comparison. Here: S = Starch granules; Mix = Oil droplets + Starch granules; X =
Xanthan gum.

131

Figure 5.9. Representative images to demonstrate the consisency of mixed
dispersions (5 wt% oil + 4 wt% starch) at pH 3 containing (a) 0 wt%, (b) 0.005
wt%, (c) 0.01 wt%, and (d) 0.02 wt% xanthan.

Figure 5.10. Appearance of mixed dispersions (5 wt% oil + 4 wt% starch) at pH 3
containing (a) 0 wt%, (b) 0.005 wt%, (c) 0.01 wt%, and (d) 0.02 wt% xanthan.
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Table 5.1. Summary of yield stress and volume-based mean diameters of
suspensions containing various xanthan levels
D4,3 (µm)
Yield stress
Sample
Composition
(Pa)
Unheated
Heated
0% Xanthan
0.71 ± 0.30 26.0 ± 5.0 43.0 ± 1.0
Starch
4% S (pH3)
0.2 ± 0.0
0.24 ± 0.0
Emulsion
5%E (pH3)
3.93 ± 0.58 19.8 ± 6.2
42.6 ± 0.8
Mix
0% X + 4% S + 5%E (pH3)
0.005% Xanthan
17.8 ± 1.3
19.0 ± 1.2
Emulsion
5%E (pH3)
0.005% X + 4% S + 5%E
11.32 ± 0.97 25.4 ± 4.5
42.8 ± 0.7
Mix
(pH3)
0.01% Xanthan
70.4 ± 44.0 76.5 ± 44.1
Emulsion
5%E (pH3)
Mix
0.01% X + 4% S + 5%E (pH3) 12.75 ± 0.67 109.0 ± 1.6 55.5 ± 5.3
0.02% Xanthan
1.89 ± 0.05 22.4 ± 0.2
43.1 ± 1.0
Starch
0.02% X + 4% S (pH3)
333.6 ± 52.3 286.6 ± 119.2
Emulsion
5%E (pH3)
Mix
0.02% X + 4% S + 5%E (pH3) 16.51 ± 0.49 398.5 ± 17.5 108.2 ± 0.5
37.6 ± 0.0
Mix (pH7) 0.02% X + 4% S + 5%E (pH7) 2.77 ± 0.13 13.1 ± 0.2
Note: Unless otherwise stated, the final pH value of samples was 3. Here: S = Starch
granules; Mix = Oil droplets + Starch granules; X = Xanthan gum.
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CHAPTER 6
6.

SOFT MATTER STRATEGIES FOR CONTROLLING FOOD TEXTURE:
FORMATION OF HYDROGEL PARTICLES BY BIOPOLYMER
COMPLEX COACERVATION

6.1 Abstract
Soft matter physics principles can be used to address important problems in the
food industry. Starch granules are widely used in foods to create desirable textural
attributes, but high levels of digestible starch may pose a risk of diabetes. Consequently,
there is a need to find healthier replacements for starch granules. The objective of this
research was to create hydrogel particles from protein and dietary fiber with similar
dimensions and functional attributes as starch granules. Hydrogel particles were formed
by mixing gelatin (0.5 wt%) with pectin (0 to 0.2 wt%) at pH values above the isoelectric
point of the gelatin (pH 9, 30 °C). When the pH was adjusted to pH 5, the biopolymer
mixture spontaneously formed micron-sized particles due to electrostatic attraction of
cationic gelatin with anionic pectin through complex coacervation. Differential
Interference Contrast (DIC) microscopy showed that the hydrogel particles were
translucent and spheroid, and that their dimensions were determined by pectin
concentration. At 0.01 wt% pectin, hydrogel particles with similar dimensions to swollen
starch granules (D3,2 ≈ 23 µm) were formed. The resulting hydrogel suspensions had
similar appearances as starch pastes, and could be made to have similar textural attributes
(yield stress and shear viscosity) by adjusting the effective hydrogel particle
concentration. These hydrogel particles may therefore be used to improve the texture of
reduced-calorie foods and thereby help tackle obesity and diabetes.
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6.2 Introduction
Many commonly consumed food products can be considered to be soft solids that
exhibit both fluid-like and elastic-like characteristics, such as dressings, mayonnaise,
sauces, dips, whipped creams, and desserts. The bulk physicochemical properties of
these food materials, such as appearance, rheology, flavor, and stability, depend on the
type, amount, and structural organization of the components they contain, such as water,
proteins, carbohydrates, lipids and minerals. Soft matter physics concepts are particularly
useful for understanding and controlling the structure and physicochemical properties of
these complex materials (Mezzenga, et al., 2005). In this article, we utilize a soft matter
approach for addressing an important problem in many developed and developing
countries: overweight and obesity.
Overweight and obesity are major concerns for public health since they are
associated with increasing incidences of various chronic diseases, such as cardiovascular
disease, type 2 diabetes, and certain types of cancer (World Health Organization, 2013).
The fundamental causes of obesity and overweight are the over-consumption of highcalorie diets and a lack of physical activity (Wu, et al., 2013b). Therefore, there is an
increasing demand from consumers and the food industry for the development of high
quality food products with lower calorie contents (Shewan, et al., 2013). Fat is the major
food component that has the highest calorie density, and therefore has been a major target
in the development of calorie-reduced foods. One strategy has been to develop “fat
mimetics” that provide the physicochemical and sensory attributes normally associated
with fats (Akoh, 1998; Laneuville, Paquin, et al., 2005). Starch, a polysaccharide
consisting of a mixture of amylose and amylopectin, is widely used in food products to
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replace fats because of its ability to thicken aqueous solutions and therefore compensate
for the loss of viscosity that occurs when fat is removed (Lee, et al., 2013; SandovalCastilla, et al., 2004; Setser, et al., 1992). Nevertheless, over-consumption of starch leads
to a postprandial increase in glycemic index (blood glucose levels) and can thus pose a
risk for diabetes (Acheson, 2004; Kabir, et al., 1998). It would therefore be useful to
develop a food ingredient that could mimic the textural attributes normally provided by
both fat droplets and starch granules, but that was fabricated from components with more
desirable nutritional attributes, such as proteins and dietary fibers.
The formation of complex coacervates between proteins and polysaccharides has
been investigated because of their potential for providing a wide range of functionalities
in foods, including encapsulation, emulsifying, and texture modification (Schmitt, et al.,
2011; Turgeon, et al., 2007). Complex coacervation refers to a process whereby a
macromolecular solution consisting of two oppositely charged polymers separates into
two fluid phases (Figure 6.1). One phase is enriched in the two polymers, while the other
phase is depleted in the two polymers (Cooper, et al., 2005). Coacervation typically
occurs when the protein-polysaccharide complex formed has charge neutrality as a result
of electrostatic interactions between polymers. The dense liquid phase that is rich in both
polymers is called a coacervate (de Kruif, et al., 2004; Kizilay, et al., 2011; Schmitt, et
al., 2011). In a protein/polysaccharide system, coacervation can be achieved by
alternating the charge of protein via pH adjustment and/or by controlling the combining
ratio of the two macromolecules (de Kruif, et al., 2004; Schmitt, et al., 2011). Studies
have already shown some promising results on using whey protein-xanthan coacervates
as fat replacers (Laneuville, et al., 2000; Laneuville, Paquin, et al., 2005): fibrous
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complexes were formed that significantly improved the texture of a cake-frosting. In
addition, recent studies have demonstrated that many protein-polysaccharide systems can
form spherical particles upon coacervation (Devi, et al., 2013; Haug, et al., 2003;
Saravanan, et al., 2010; Schmitt, et al., 2001; Yeo, et al., 2005).
Our purpose was to produce hydrogel microspheres that mimicked the structure
and properties of swollen starch granules that are commonly used in the food industry as
thickening agents and fat replacers. We used gelatin and pectin to form hydrogel
microspheres through complex coacervation. Gelatin is a water-soluble protein derived
from collagen that is widely used as a gelling agent in the food industry; its gelation
properties depend on gelatin type, concentration, and temperature (Djagny, et al., 2001).
Pectin is a polysaccharide commonly used for its gelling and thickening ability; its
functionality is primarily determined by the molecular weight and charge density
(Thakur, et al., 1997). The aim of this study was to investigate the conditions for forming
hydrogel particles via gelatin and pectin coacervation, and to evaluate the potential of
these coacervates for producing similar textural characteristics as starch granules.
6.3 Experiment Methods

6.3.1 Materials
Commercial gelatin (Type A from pork skin, gel strength 100 Bloom, and 30
mesh) was donated by Gelita USA (Sergeant Bluff, IA). Modified starch (phosphate
cross-linked tapioca starch) was provided by ConAgra (Omaha, NE). Pectin was
provided by TIC Gums (Pectin LM35, White Marsh, MD). Hydrochloric acid (HCl),
sodium hydroxide (NaOH), and sodium azide were purchased from Sigma-Aldrich (St.
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Louis, MO). Sodium azide was used as an anti-microbial agent throughout this study, but
this preservative is not suitable for food use. Preliminary experiments indicated that
addition of this preservative did not have a significant effect on the structure or physical
properties of the samples. Double distilled water was used to prepare all solutions.

6.3.2 Preparation of starch suspensions
Starch paste (7 wt%) was prepared by dispersing modified starch powder in
double distilled water and stirring for one hour. This dispersion (100 g) was then placed
in a 250 ml beaker and heated to 90 °C in a water bath and held for 5 minutes (MGW
Lauda KS6, LAUDA, Lauda-Königshofen, Germany). During this heating process, starch
samples were stirred manually to allow even distribution of heat. After heating, starch
pastes were immediately placed in an ice bath until the temperature reached 25 °C. The
samples were weighed before and after this procedure, and double distilled water was
added to compensate for any moisture loss due to water evaporation.

6.3.3 Preparation of gelatin and pectin stock solutions
An aqueous stock solution of gelatin (2 wt%) was prepared by weighing gelatin
powder in double distilled water and stirring for one hour at 35 °C. An aqueous stock
solution of pectin (0.5 wt%) was prepared by mixing pectin powder with double distilled
water and stirring at room temperature overnight to ensure complete dissolution. The
biopolymer stock solutions were stored at 4 °C prior to further usage. Sodium azide (0.02
wt%) was added to the stock solutions to prevent microbial growth. The pH adjustment
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of the stock dispersions was achieved by addition of HCl or NaOH solutions. Double
distilled water was added to dilute the total biopolymer concentration when needed.

6.3.4 Preparation of gelatin-pectin hydrogel particles

6.3.4.1 Effect of pH on the ζ-Potential of the gelatin and pectin molecules
Gelatin (0.5 wt%) and pectin (0.5 wt%) solutions were prepared by diluting the
stock dispersions with double distilled water. Biopolymer solutions with a series of pH
values (pH 3 to 10) were prepared by addition of HCl or NaOH solutions. The ζpotentials of the biopolymer solutions at different pH values were then measured as
described in Section 6.3.5.

6.3.4.2 Influence of pectin concentration on complex coacervate formation
The pH values of pectin (0.5 wt%) solution, gelatin (2 wt%) solution, and double
distilled water were adjusted to pH 10.0 using NaOH solution. A series of gelatin-pectin
mixtures with 0.5 wt% gelatin and various amounts of pectin (0.005 to 0.2 wt%) were
prepared by first diluting pectin stock solution with pH-adjusted double distilled water
(pH 10.0), and then mixing this solution with gelatin stock solution. The gelatin-pectin
mixtures were heated to 30 °C on a stirring hotplate (Fisher Scientific Isotemp Basic
Stirring Hotplates, Fisher Scientific, Pittsburgh, PA), and were kept stirring at 300 rpm.
Once the temperature was stabilized, HCl solution was added drop-wise until the mixture
reached pH 5.0 to induce coacervation. After pH adjustment, the samples were removed
from the hotplates and kept stirring at 300 rpm at room temperature overnight before
further analysis.
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6.3.4.3 Collection of hydrogel particles
The coacervate dispersions were centrifuged at 6000 rpm for 40 minutes at 25 °C
using a Thermo Scientific Centrifuge (Sorvall RC6 Plus, Thermo Scientific, Agawam,
MA) with a Fiberlite fixed-angle rotor (PIT F10S-6×500Y, Santa Clara, CA). After
centrifugation, the supernatant was separated and saved for future usage. The centrifuge
bottles were inverted for 3 minutes to remove excess supernatant, and the sediment,
which was the coacervate phase consisting of hydrogel particles was saved for further
analysis. The mass of precipitate and supernatant present were measured after
centrifugation by weighing the different fractions. When needed, the precipitate was
diluted with a known amount of supernatant to obtain the required moisture content.

6.3.5 ζ-Potential measurement
A particle micro-electrophoresis instrument (Zetasizer NanoZS, Malvern
Instruments, Ltd., Worcestershire, UK) was used to measure the ζ-potential of the
particles in the samples. Samples were directly injected into a folded capillary cell
(Malvern Instruments, Ltd., Worcestershire, UK) for measurement. The refractive index,
viscosity, and relative dielectric constant of the continuous phase were 1.330, 0.8872 mPa
s and 78.5, respectively, as provided by the instrument software database (version 6.30,
Zetasizer, Malvern Instruments, Ltd., Worcestershire, UK). The typical refractive index
and absorption index of protein were used for the particles (1.450 and 0.001,
respectively), which were also provided by the instrument software database. The
instrument software was used to obtain ζ-potential measurements based on the
electrophoretic mobility results.
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6.3.6 Particle size determination
The size distribution of the hydrogel particles was characterized using static light
scattering (Mastersizer 2000, Malvern Instruments, Ltd., Worcestershire, UK). Starch
paste (7 wt%) was diluted 2-fold with double distilled water prior to measurement to
eliminate multiple scattering effects. Hydrogel particle suspensions were analyzed
without pre-dilution. Samples were introduced into an optical measuring cell (Hydro
2000 SM, Malvern Instruments, Ltd., Worcestershire, UK) containing pH-adjusted
double distilled water (pH 5.0) and were stirred continuously at 1200 rpm. Sample was
added to the measurement cell until the light obscuration level reached 10~14% to ensure
reliable results. The resulting light scattering spectra were analyzed by the instrument
software (Mastersizer 2000, version 5.60) based on Mie theory (ISO, 2009). The
refractive index for the continuous phase (water) was set as 1.33 (ISO, 2009); the
refractive index and absorption value for the dispersed phase were set as 1.45 and 0.001,
which are the typical optical parameters for proteins as provided by the software
database.
The particle sizes determined by light scattering should be treated as qualitative
data due to the limitations of this analysis: 1) the refractive index of the hydrogel
particles varies from sample to sample due to differences in their composition, therefore a
typical refractive index of protein was adopted; 2) the refractive index of the starch
granules varies among samples due to swelling, so it was assumed that it is similar to
protein and hydrogel particles; 3) the starch granules may have irregular shape, but the
Mie theory assumes particles all have spherical shape; 4) sample preparation may have
altered particle size by inducing coalescence or fragmentation.
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6.3.7 Moisture content analysis
A digital moisture balance (MX-50, A&D Company, Tokyo, Japan) was used to
determine the moisture content of the samples. Approximately 1 gram of sample was
evenly distributed on an aluminum pan. The infrared lamp on the instrument then heated
the sample at 160 °C for about 15 minutes until the weight of samples remained constant.
The result was reported as wet basis moisture content (%).

6.3.8 Rheological properties
The rheological properties of starch and coacervate suspensions were
characterized using a dynamic shear rheometer (Kinexus, Malvern Instruments, Ltd.,
Worcestershire, UK). A serrated parallel plate geometry with diameters of 65 mm for the
lower plate and 40 mm for the upper plate was chosen to characterize the samples so as to
eliminate wall slip problems typically associated with colloidal suspensions (Buscall,
2010). The shear stress was measured as a function of shear rate (0.01~100 s-1) at 25 °C
with a gap of 0.5 mm. The rheological properties of the samples are represented by their
apparent viscosity versus shear rate profiles.
All the samples prepared in this study exhibited a shear-thinning behavior with a
measurable yield stress. Therefore, the Hershel-Bulkley (HB) model was used to describe
the rheological properties of the non-ideal plastics fluid (Rao, 2007):
HB model: 𝜏 − 𝜏! = 𝐾𝛾 !

(1)

Here τ is the shear stress (Pa), τ0 is the yield stress (Pa), γ is the shear rate (s-1), K
is the consistency index (mPasn), and n is the power law index. The rheology instrument
software (rSpace, version 1.60, Malvern Instruments, Ltd., Worces- tershire, UK) was
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used to perform a least squares analysis on the rheology results to find the best-fit
parameters for the HB model.

6.3.9 Microstructure characterization
The morphology of the swollen starch granules and hydrogel particles were
visualized by Differential Interference Contrast (DIC) microscopy (Nikon micro- scope
D-Eclipse C1 80i, Nikon Corporation, Melville, NY, USA). The specimens were
prepared by placing a small aliquot of sample on a microscope slide and covering it with
a glass cover slip. A 40× objective lens along with a 1.0× camera zoom was used to
observe the specimens. DIC microscopy images were captured using a CCD camera
(CCD-300-RC, DAGE-MTI, Michigan City, IN, USA), and were processed by a digital
image processing software (Micro Video Instruments Inc., MA, USA). It should be noted
that the microstructure of large soft hydrogel particles may be altered during sample
preparation for microscopy measurements, and so samples should be treated carefully.

6.3.10 Statistical analysis
Each individual sample was measured in triplicate for all analyses and all the
experiments were repeated at least twice using freshly prepared samples. The mean and
standard deviations were then calculated from this data.
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6.4 Results & Discussion

6.4.1 Influence of pH on the electrostatic properties of gelatin and pectin molecules
In order to determine the most appropriate pH conditions for the formation of
electrostatic complexes, the ζ-potential of the two biopolymer solutions were measured as
a function of pH (Figure 6.2). The pectin molecules had a negative charge across the
entire pH range studied, but they became less negative below pH 5, which can be
attributed to protonation of the carboxyl groups, i.e., -COOH (Thakur, et al., 1997). The
negative charge on pectin molecules primarily comes from galacturonic acid groups that
have pKa values around pH 3.5 to 4.5, and therefore lose their charge at lower pH values
(Endress, et al., 2009). At higher pH values, the protons dissociated from the carboxylic
groups (-COO-), which led to a high negative charge that remained relatively constant
once all the available protons were fully dissociated.
The ζ-potential of the gelatin molecules changed from positive (+22.4 mV at pH
3) to negative (-5.3 mV at pH 10) as the solution pH was increased (Figure 6.2). Type A
gelatin, like the one used in this study, has previously been reported to have a pI value
around pH 7 to 9 (Djagny, et al., 2001), which is in good agreement with the point of zero
charge of around pH 9.0 observed in our study. These results show that gelatin and
pectin have opposite charges across a wide range of pH values.

6.4.2 Formation of gelatin-pectin hydrogel particles
Physical gelation is an important feature of gelatin; the gelation temperature of
gelatin solution decreases as gelatin concentration elevates (Djagny, et al., 2001; Godard,
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et al., 1978). We observed that the gelatin solution used in this study started forming a gel
at room temperature when its concentration exceeded 0.5 wt%. Thus, we fixed the
gelatin concentration at 0.5 wt% for particle formation in this study, so that we can
ensure that the hydrogel microspheres produced were truly a result of gelatin-pectin
coacervation, rather than gelation of gelatin molecules alone, and that the final mixture
was in a fluid rather than gelled form. In addition, the molecular conformation of gelatin
and pectin are both temperature-dependent: at low temperature, both macromolecules
assume rigid helical structures (Cárdenas, et al., 2008; Damodaran, et al., 2008; Djagny,
et al., 2001; Thakur, et al., 1997). Studies (Cooper, et al., 2006; Kizilay, et al., 2011;
Schmitt, et al., 2011) have shown that increased polymer flexibility enhances the
interaction between protein and polysaccharides, we thus prepared the gelatin-pectin
coacervates at 30 °C in order to unfold the helix structure of the biopolymers and
promote intermolecular interactions.
According to the ζ-potential measurements (section 6.4.1), it was expected that at
pH values above 9.0 these two biopolymers would be miscible in water due to
electrostatic repulsion between similarly charged molecules, while at pH values below
9.0 they would interact as a result of their opposite charges. Therefore, we mixed gelatin
and pectin solutions at pH 10 to assure a homogeneous distribution of the two
biopolymers, and then reduced the pH by adding HCl to induce coacervate phase
separation. A final pH of 5.0 was used since it gave the largest ζ-potential difference
(Figure 6.2), thereby allowing optimum electrostatic attractions between gelatin and
pectin molecules. Visual observations of the samples as the gelatin-pectin mixture was
titrated from pH 10 to 5 indicated that the solution transformed from clear to turbid - an
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indication of phase separation (Kizilay, et al., 2011; Schmitt, et al., 2011; Schmitt, 2009).
Upon phase separation, the system consisted of a biopolymer-enriched coacervate phase
and a biopolymer-depleted solvent phase (Girard, et al., 2004).

6.4.2.1 Influence of pectin concentration on the ζ-potential of hydrogel particle
The mixing ratio of gelatin/pectin is important in controlling the biopolymer
charge stoichiometry and therefore the intensity of the electrostatic interactions, which in
turn affects the formation and properties of the hydrogel particles (Kizilay, et al., 2011;
Schmitt, et al., 1999). Initially, we therefore examined the influence of pectin content on
the electrostatic properties of the gelatin-pectin complexes (Figure 6.3). As pectin
concentration increased from 0.005 to 0.2 wt%, the ζ-potential of the complex changed
from positive to negative with a point of zero charge around 0.04 wt% pectin. This
change in electrical properties is indicative of the formation of electrostatic complexes
between the pectin and gelatin molecules. The positive charge measured at low pectin
levels can be attributed to the fact that only part of the positive charge on the gelatin
molecules is neutralized by the negative charge on the pectin molecules. Conversely, the
negative charge measured at high pectin levels is due to the fact that all of the positive
charges on the gelatin have been neutralized, and there are some excess negative charges
on the pectin. These anionic groups may have been on pectin molecules incorporated
into the electrostatic complexes or due to free pectin molecules in the surrounding
aqueous phase. The overall ζ-potential of the complexes was close to zero around 0.04,
indicating that there was sufficient negative charges on the added pectin to bind to all the
positive charges on the gelatin. It has been reported previously that maximum coacervate
formation typically occurs when the net charge on the whole system is neutral i.e., the
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charge stoichiometry of positive to negative groups [+]/[-] was 1:1 (Kizilay, et al., 2011;
Schmitt, et al., 1999; Schmitt, 2009). Thus, for the system studied here the optimum mass
ratio for maximum coacervate formation was about 0.8:10 pectin-to-gelatin. This
calculation indicates that the anionic linear charge density of pectin is appreciably higher
than the cationic linear charge density of gelatin.

6.4.2.2 Effect of pectin concentration on the particle size of hydrogel microspheres
The effect of pectin content on the size of the coacervate microspheres was
examined using static laser scattering. Pectin concentration had an appreciable impact on
the particle size distribution and mean particle diameter of the coacervates formed
(Figure 6.4, Table 6.1). As the pectin concentration increased from 0.005 to 0.01 wt%,
the mean particle diameter (D3,2) increased from around 10 to 23 µm (Table 6.1). The
particle size was maximum around 0.03 and 0.05 wt% pectin, and then decreased to
around 3 µm when the pectin concentration was further increased to 2.0 wt% (Table 6.1).
At 0.03 and 0.05 wt% pectin, the coacervation process yielded particles that were so large
that they were visible to the naked eye and quickly sedimented once agitation stopped.
This result was consistent with the ζ-potential measurements (Figure 6.3) where
electroneutrality of the coacervates was achieved around this pectin level, indicating that
maximum coacervation occurred at a mass ratio between 0.6:10 to 1:10 or pectin-togelatin. It is worth noting that the particle size distribution measurements on the samples
obtained by static light scattering should be treated with some caution for the reasons
mentioned in Section 6.3.6. Girard, et al. (2004) have reported that low methoxyl pectin
forms insoluble complexes with β-lactoglobulin, which was attributed to the relatively
high charge density and stiffness of the polysaccharide. This phenomenon may also
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explain why a sediment, rather than a liquid coacervate phase, was formed in our study
when the complex had neutral charge.

6.4.2.3 Impact of pectin content on the microstructure of hydrogel particle
The variation of coacervate dimensions and structure as a function of pectin
concentration were visualized by optical microscopy (Figure 6.5). The size and structure
of the coacervates clearly depended on the ratio of pectin to gelatin in the mixture. The
particle size appeared to increase from 0.005 to 0.03 wt% pectin, and then decrease from
0.05 to 0.2 wt% pectin. The largest hydrogel particles were formed between 0.03 and
0.05 wt% pectin, which is in agreement with the static light scattering results (Figure 6.4,
Table 6.1). Interestingly, the larger particles formed at intermediate pectin concentrations
appeared to be formed from coalescence of smaller particles, as seen by the spherical
shapes within the larger particles (e.g., see Figure 6.5b-d). This was probably because
complex coacervation is a nucleation process: polysaccharide and protein molecules first
form soluble complexes due to electrostatic attraction; and then these soluble complexes
merge together and to form larger coacervate particles (Kizilay, et al., 2011; Turgeon, et
al., 2007). When one of the biopolymer components was not at a sufficiently high ratio
(compared to the optimum value for coacervate formation), this component became the
limiting factor for the number of soluble precursors that can form. Also, an excess of
either component resulted in excess charge on the soluble complexes and thus suppressed
aggregation of the precursors into coacervates due to strong electrostatic repulsion
(Kizilay, et al., 2011). The variation of microstructure as a result of
polysaccharide/protein ratio has also been reported in other systems such as pectin/β-
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lactoglobulin (Girard, et al., 2002) and gum Arabic/chitosan (Espinosa-Andrews, et al.,
2007)
The sponge-like structure of the coacervates formed in this study is similar to that
observed for a variety of other protein/polysaccharide systems such as gelatin/gum
Arabic (Lamprecht, et al., 2000), β-lactoglobulin/gum Arabic (Sanchez, et al., 2002;
Schmitt, et al., 2005; Schmitt, et al., 2001) and gelatin/κ-carrageenan (Haug, et al., 2003).
The cavities in the coacervate phase have been proposed to be composed mainly of
biopolymer-depleted solvent (Schmitt, et al., 2011). It is worth mentioning that these
cavities typically disappear from the coacervate phase upon maturation for other
protein/polysaccharide systems (Sanchez, et al., 2002; Schmitt, et al., 2005; Schmitt, et
al., 2011), however this was not the case for the gelatin/pectin system studied here. We
found that if the samples were removed from heat immediately after the pH adjustment
(from pH 10.0 to 5.0), the sponge structure remained even after 15-day storage at 20 °C.
Nevertheless, if the samples were kept heating at 30 °C for a long time (approximately 20
min), the coacervate particles transformed from a sponge structure to a smooth spherical
structure (Figure 6.6). We believe this is related to the thermal-sensitivity of gelatin
molecules, i.e., at lower temperatures the gelatin molecules form a gel-like structure due
to hydrogen bond formation, which maintains the shape of the particles. The effects of
temperature and heating time on gelatin-pectin coacervation is currently under
investigation.
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6.4.3 Hydrogel microspheres as starch granule mimetics

6.4.3.1 Microstructure comparison of hydrogel microspheres and starch granules
We have so far demonstrated that hydrogel particles can be formed through
gelatin/pectin coacervation, and that various microstructures can be achieved depending
on their composition. For practical applications of these particles, it is important to
identify the microscopic features that are desirable for controlling textural properties. It is
widely known that modified starch is an outstanding thickener in many processed food
products. Therefore, we used the dimensions of modified starch granules as a template to
guide the design of gelatin-pectin hydrogel microspheres.
The particle size distribution of starch granules was measured both before and
after heating (Figure 6.4). The modified starch used was phosphate cross-linked tapioca
starch. The starch granules before and after heating both showed mono-model
distributions. The diameter (D3,2) of starch granules measured by static light scattering
was around 15 µm before heating and 38 µm after heating (Table 6.1). This size change
was confirmed using optical microscopy (Figure 6.7a and b). It is well known that
starch granules absorb water and swell during heating, which leads to an appreciable
increase in granule size. Because a cross-linked modified starch was used in this study,
the starch granules did not breakdown during the gelatinization process (Wurzburg,
2006). The ability of the swollen starch to thicken solutions is largely a result of the
substantial increase in the effective volume fraction of the starch granules after thermal
treatment (Wu, et al., 2013c).
Based on particle size measurements, the dimensions of the hydrogel particles
was closest to that of the swollen starch granules when the pectin concentration was 0.01
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or 0.1 wt%, (Figure 6.4, Table 6.1). However, as discussed earlier, at 0.1 wt% pectin, the
hydrogel particles clearly appeared to be coalesced (Figure 6.5e), while the mixture at
0.01 wt% pectin contained individual spherical particles with similar microstructure as
swollen starch granules (Figure 6.5b, 7c). Therefore, we prepared the coacervates by
mixing 0.01 wt% pectin and 0.5 wt% gelatin so as to mimic the dimensions and structure
of the starch granules. The resulting coacervate phase containing the hydrogel particles
was then harvested by collecting the sediment after centrifugation of the suspension.
Visually, the coacervate phase had a similar paste-like appearance as the starch paste.
The microscopy images further confirmed that the coacervate phase was formed by
closely packed spherical hydrogel particles, similar in morphology to the starch granules
packed within a starch paste (Figure 6.7b and d).

6.4.3.2 Rheological properties comparison between hydrogel particles and starch
In this section, we compared the rheological properties of a 7 wt% starch paste
and a coacervate phase formed from gelatin-pectin complexes. The rheological properties
of the samples were determined using a shear rate ramp test, and the apparent shear
viscosity versus shear rate profiles were recorded (Figure 6.8). The rheological
parameters of the samples were analyzed using a Hershel-Bulkley model (HB model) as
described in section 6.3.8 (Table 6.2).
First, we characterized the rheological properties of the starch paste as this is the
material that the coacervates are being developed to replace. The starch paste (7 wt%)
exhibited strong shear thinning behavior with a power law index of n = 0.54 (Figure 6.8,
Table 6.2). The yield stress of the starch paste as determined by fitting the HB model to
the experimental data was 13.6 Pa (Table 6.2). The shear thinning and yield properties of
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the starch paste are similar to those exhibited by soft materials that undergo “jamming”.
Jamming occurs when a colloidal suspension transforms from a fluid-like state to a
disordered solid-like state due to close packing of the particles (Dennin, 2008; Liu, et al.,
1998; van Hecke, 2010). According to Liu and Nagel (1998), when the stress and
temperature are constant, jamming can occur only when the density - in other words, the
volume fraction - reaches a critical value. In our study, we chose to prepare starch paste
at 7 wt%, because starch granules reached the critical packing fraction at this
concentration: the preliminary experiments (data not shown) demonstrated that above this
concentration, the swollen starch granules were uniformly distributed after prolonged
storage, while at concentrations below 7 wt%, the starch granules sedimented to the
bottom after a few days of storage. This jamming state of starch granules can be
visualized under the microscope: the swollen starch granules were deformed and closely
packed (Figure 6.7b); when the paste was diluted 2-fold (3.5 wt%), the starch granules
were separated and assumed a more spherical shape (Figure 6.7c).
The shear viscosity versus shear rate profile of the coacervate phase had a similar
shear-thinning behavior as the starch paste (Figure 6.8), with a power law index of n =
0.70 (Table 6.2). This shear-thinning characteristic has been reported for other proteinpolysaccharide coacervate systems (Laneuville, Paquin, et al., 2005; Schmitt, et al.,
2011). Moreover, we found the coacervate phase had appreciably higher yield stress than
the starch paste (around 300 Pa versus 14 Pa). The high yield stress of the coacervate
phase is also an example of the jamming phenomenon, as the microscopy images
illustrate that the coacervate phase contained closely packed hydrogel particles (Figure
6.7e). In addition, the moisture content of the coacervate phase was around 89 wt%
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according to moisture content analysis of the precipitates after centrifugation, which was
lower than the moisture content of the starch paste (93 wt%). The lower moisture content
may indicate a higher effective volume fraction of the coacervate phase compared to the
swollen starch granules, and hence a higher yield stress and viscosity. Additionally, we
hypothesize that the elasticity of the coacervate particle may also contribute to its higher
yield stress: unlike swollen starch granules, the hydrogel particles were less deformed
and retained spherical shape when they were closely packed (Figure 6.7e). The
correlation between elasticity of colloidal particles and the yield stress of the bulk
material has been reported previously (Shu, et al., 2013). The viscoelastic properties of
these hydrogel particles thus merit further investigation in future studies.
The rheological profile (Figure 6.8) also demonstrated that at the range of shear
rates tested (0.01~100 s-1), the viscosity of the coacervate phase was much higher than
that of the starch paste. Nevertheless, it appeared that at high shear rate, the viscosity of
the coacervate phase dropped more quickly than the starch paste. Our hypothesis is that
the hydrogel particles were held together mainly by weak electrostatic attraction, thus at
high shear rate, the hydrogel particles have been partially disintegrated.
Overall, the rheological properties of the coacervate phase were primarily
determined by the microstructure of the hydrogel particles. The size, elasticity, shape and
volume fraction of the particles are important structural parameters that can be controlled
to achieve desirable textures. To illustrate this, we adjusted the volume fraction of the
particles as an example of one method of regulating texture. The moisture content of the
coacervate phase was adjusted to around 93 wt% by adding the supernatant back to the
sample. After dilution, this hydrogel particle suspension was subjected to a shear rate
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ramping test. It was demonstrated that the yield stress and shear viscosity can be lowered
by reducing the volume fraction of the coacervate phase through dilution (Figure 6.8,
Table 6.2). The diluted coacervate was able to produce similar yield stress (12.6 ± 5.0 Pa)
as the starch paste (13.6 ± 0.5 Pa). Its shear viscosity, however, was close to the starch
paste at low shear rate (below about 1 s-1), but rapidly reduced as the shear rate was
increased (Figure 6.8). Although the starch paste and the diluted coacervate had similar
moisture content, it may not be a direct reflection of their effective volume fractions;
additionally, the discrepancy in their microstructures may also contribute to the
difference in rheology. It is worth pointing out that there are many approaches to regulate
the microstructure of the hydrogel particles. In a separate study, we have found that pH,
stirring speed, thermal history and cross-linking can all have pronounced impacts on the
microstructure of the hydrogel particles. Our future studies aim to systematically
elucidate the impact of these factors on the microstructure and rheology of the coacervate
suspensions.
6.5 Conclusions
This study showed that gelatin-pectin coacervates could be formed by controlling
the electrostatic interaction between two biopolymers through pH adjustment. At constant
gelatin content, hydrogel particles with various sizes and microstructures were created by
varying the pectin concentration. Based on the morphology of the particles, the formation
of large gelatin-pectin coacervates was likely due to a nucleation process of smaller
soluble complexes or coacervates. By adjusting the pectin-to-gelatin ratio we were able to
produce hydrogel microspheres with similar dimensions as swollen starch granules.
These hydrogel microspheres were also shown to have similar rheological attributes as
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starch pastes using shear rheometery measurements. The rheological behavior of the
hydrogel microsphere suspensions could be modulated by varying the particle volume
fraction. This coacervate-based system may therefore have great potential for use in
reduced-calorie products to improve their textural properties after fat or starch is
removed.
Some unsolved technical and scientific questions also arose during this study that
require further investigation. One unique aspect of the coacervate system studied is that
the physicochemical properties of gelatin are highly susceptible to temperature, which
was attributed to its ability to form a gel at low temperatures. This feature may be used to
modulate the formation, functionality, and stability of biopolymer microspheres formed
from gelatin-pectin coacervates. Overall, this study has highlighted the importance of
soft matter physics principles for guiding the formation of food products with enhanced
quality and nutritional attributes. The wider availability of these structurally designed
food products may lead to improvements in the health and wellness of the general
population.
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Figure 6.1. Schematic diagram of the formation of biopolymer microspheres by
complex coacervation of two oppositely charged biopolymers.

Figure 6.2. Influence of pH on the electrical characteristics (ζ-potential) of pectin
(0.5 wt%) and gelatin (0.5 wt%) solutions.
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Figure 6.3. Influence of pectin concentration on the electrical characteristics (ζpotential) of the electrostatic complexes formed for solutions containing 0.5 wt%
gelatin at pH 5.0 and 30 °C.

Figure 6.4. Particle size distributions of 7 wt% starch granules before and after
heating, and of gelatin-pectin coacervates formed with 0.5 wt% gelatin and
0.005~0.2 wt%. Here: S = starch granules; C = gelatin-pectin coacervates; u =
unheated; and h = heated. The particle volumes in each size category are adjusted
up the y-axis (by adding fixed increments) so as to make them easier to distinguish.
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Figure 6.5. Differential Interference Contrast (DIC) images of hydrogel particles
formed with 0.5 wt% gelatin and (a) 0.005 wt%, (b) 0.01 wt%, (c) 0.03 wt%, (d) 0.05
wt%, (e) 0.1 wt%, and (f) 0.2 wt% pectin. The scale bars are 50 µm in length.

Figure 6.6. DIC images of hydrogel particles prepared when samples were: (a)
removed from heat immediately after pH adjustment; (b) held at elevated
temperature for over 20 minutes. The scale bars are 50 µm in length.
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Figure 6.7. Differential interference contrast (DIC) images of: (a) starch suspension
(7 wt%) before heating; (b) starch paste (7 wt%) after heating; (c) starch paste
diluted by 2-fold (3.5 wt%); and (d) coacervate phase obtained after centrifugation.
The scale bars in the image are 50 µm.
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Figure 6.8. Apparent shear viscosity versus shear rate profiles of starch paste (7
wt%), coacervate phase, and diluted coacervate phase.

160

Table 6.1. Mean particle diameter (D3,2 and D4,3) of 7 wt% starch granules before and after heating, and of gelatin-pectin
coacervates formed with 0.5 wt% gelatin and 0.005~0.2 wt% pectin.
Starch Granules
Gelatin-Pectin Coacervates
Diameters
Before
After
Pectin Content (wt%)
Heating
Heating
0.005%
0.01%
0.03%
0.05%
0.1%
0.2%
D3,2 (µm)
15.2 ± 0.5
38.0 ± 0.4
10.0 ± 0.7
22.6 ± 3.0
208.5 ± 9.8
189.0 ± 41.6
17.7 ± 1.5
2.7 ± 0.3
D4,3 (µm)
18.3 ± 0.8
44.3 ± 0.5
21.9 ± 6.7
24.8 ± 2.8
414.6 ± 198.3
261.0 ± 76.2
28.4 ± 0.9
2.9 ± 0.3
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Table 6.2 Rheology parameters of different sample treatments ob- tained by applying the Hershel-Bulkley model to the shear
stress versus shear rate data. Reliable parameters could not be obtained for the diluted coacervate phase
Rheology model parameters
Sample
Yield stress (Pa)
K (mPa.sn)
n
Starch (7wt%)
13.59 ± 0.48
12.43 ± 0.31
0.54 ± 0.001
Coacervate phase
296.83 ± 14.46
6.97 ± 5.21
0.70 ± 0.19
Diluted coacervate phase
12.62 ± 5.04
-

CHAPTER 7
7.

FUNCTIONAL HYDROGEL MICROSPHERES: PARAMETERS
AFFECTING ELECTROSTATIC ASSEMBLY OF BIOPOLYMER
PARTICLES FABRICATED FROM GELATIN AND PECTIN

7.1 Abstract
Hydrogel microspheres may be used for various applications within foods,
cosmetics, and pharmaceuticals, such as texture modification, encapsulation, or
controlled release. The aim of this research was to examine the key parameters affecting
the formation and properties of hydrogel microspheres fabricated by electrostatic
complexation of gelatin and pectin. Hydrogel microspheres were formed by mixing 0.5
wt% gelatin and 0.01 wt% pectin at pH 10.0 and 30 °C, and then acidifying to pH 5.0
with continuous stirring. The effects of salt content (0 ~ 100 mM NaCl), shear rate (150 ~
600 rpm), and acidification rate (fast, medium, and slow) on the formation and properties
of the hydrogel microspheres were investigated. Increased salt content perturbed the
complexation process due to electrostatic screening and ion binding effects, which meant
that lower pH values were needed to induce complexation. Optical microscopy and static
light scattering showed that salt content also altered hydrogel particle microstructure. The
largest particles were formed at an intermediate shear rate (300 rpm), which was
attributed to the influence of shearing on mixing, particle disruption, and particle
coalescence. Hydrogel microsphere size decreased as the acidification rate increased,
which was attributed to an alteration in the balance of particle formation and particle
growth. The parameters identified in this study facilitate the design of hydrogel
microspheres with specific sizes and morphologies, which might be useful for tailoring
their functional properties for different commercial applications.
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7.2 Introduction
In general, hydrogel microspheres may be useful for a variety of applications
within the food, personal care, and pharmaceutical industries (Kashyap, et al., 2005;
Matalanis, et al., 2013; Shewan, et al., 2013; Vashist, et al., 2014). They can be used to
encapsulate, protect, and release bioactive agents, such as nutraceuticals, cosmetics, or
pharmaceuticals. They may also be used to modulate the appearance, rheology, and
stability of aqueous solutions due to their ability to scatter light, alter fluid flow, and
increase viscosity. In this study, we focused on the potential application of hydrogel
microspheres to replace fat droplets and starch granules in foods.
Overweight and obesity have become major contributors to the global increase in
certain chronic diseases in both developed and developing nations, e.g., heart disease,
hypertension, and diabetes (Malik, et al., 2013). The ultimate causes of obesity and
overweight are a lack of physical activity and a high calorie intake from the diet (Malik,
et al., 2013; Wu, et al., 2013b). The negative impact on the quality of human life, as well
as the reduction in economic productivity and increase in health care costs, associated
with overweight and obesity have led to increased demands from consumers and
governments for reduced calorie foods (Buttriss, 2013; Transparency Market Research,
2014). The relatively high caloric density of fat has made it a major target for the
development of low-calorie foods (Wu, et al., 2014). However, the potential link between
the intake of refined carbohydrates (such as starch and sugar) and the risk of obesity and
diabetes, has also made refined carbohydrates a target for low-calorie products (Lustig, et
al., 2012; Malik, et al., 2013). However, the removal of fat or starch from many food
products (such as dressings, desserts, and sauces) compromises their physicochemical
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properties and sensory attributes e.g., appearance, texture, stability, and mouthfeel (Nehir
El, et al., 2012; van Aken, et al., 2011). Therefore, it is necessary to develop effective
approaches to remove fat droplets and starch granules from foods without adversely
affecting their desirable properties.
Our previous work demonstrated the potential of using hydrogel microspheres
formed from gelatin and pectin to replace fat and starch granules (Wu, et al., 2014).
These hydrogel particles can be formed via electrostatic complexation (Figure 7.1).
Solution conditions are manipulated so that the gelatin and pectin molecules associate
with each other through electrostatic attraction, which leads to phase separation into a
polymer-rich phase and a polymer-depleted phase. When this system is stirred it
separates into a water-in-water emulsion with the polymer-rich phase forming the
disperse phase (hydrogel particles) and the polymer-depleted phase forming the
continuous phase (Turgeon, et al., 2009; Turgeon, et al., 2007; Wu, et al., 2014). These
hydrogel particles may be promising candidates for the development of healthy reducedcalorie foods because they are assembled from proteins and dietary fibers. Proteins (4
kcal/g) and dietary fibers (~ 0 kcal/g) have a much lower caloric density than fats (9
kcal/g), and may be more effective at inducing satiety than starch and fats, which may
help reduce overall food consumption (Halford, et al., 2012). In addition, we have
previously demonstrated that the hydrogel particles formed had similar rheological
properties as starch granules, which may be important for delivering similar textural
properties (Wu, et al., 2014).
Previous studies have utilized similar biopolymers to improve the textural
properties of reduced-fat products, however most of these have used either gelatin or
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pectin alone as a thickener or they have formed macroscopic gels using gelatin and pectin
(Cheng, et al., 2008; Knarreborg, et al., 2012; Liu, et al., 2007; Park, et al., 2006;
Wendin, et al., 1997). To the best of our knowledge, the use of gelatin-pectin hydrogel
beads as starch or fat mimetics has not been reported before. The spherical shape of these
micron-sized hydrogel beads is of particular interest because it may impart unique
rheological properties that cannot be achieved by a single biopolymer or a bulk gel
(Wolf, et al., 2001). At low concentrations, hydrogel particle suspensions possess similar
rheological properties as biopolymer solutions with the viscosity increasing with
increasing biopolymer concentration (Shewan, et al., 2013). At high concentrations the
hydrogel particles become closely packed so that the suspension resembles a macroscopic
polymer gel exhibiting viscoelastic properties (Dennin, 2008; Shewan, et al., 2013; van
Hecke, 2010). However, unlike macroscopic polymer gels, the particle nature of these
hydrogel microspheres allows them to slip against each other when the shear stress
exceeds the yield stress (Dennin, 2008; Menut, et al., 2012; van Hecke, 2010). This
jamming transition resembles that of highly concentrated food emulsions in full fat
products or highly concentrated starch suspensions containing swollen granules
(Fernández Farrés, et al., 2014; Menut, et al., 2012; Wu, et al., 2014). Consequently, the
hydrogel microspheres developed in this study may have applications as fat or starch
mimetics. The rheological properties of suspensions of hydrogel particles are largely
affected by the microstructures of the hydrogel particles in the system, including the
particle shape, size and size distribution (Fernández Farrés, et al., 2014; Menut, et al.,
2012; Shewan, et al., 2013; Wolf, et al., 2001). This in turn has important consequences
on the mouthfeel attributes of the products e.g., roughness, slipperiness, creaminess, etc.
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(Prinz, et al., 2005; Weenen, 2005). Furthermore, the microstructure of the hydrogel
particles can also influence the appearance of a product, since this changes light
scattering properties of the system (McClements, 2002a, 2002b). Therefore, it is essential
to understand how environmental conditions and processing operations influence these
attributes.
In the present study, the impact of environmental condition (i.e., salt content) and
processing conditions (shear rate and acidification rate) on the formation and properties
of hydrogel particles were systematically examined. The electrostatic complexation of
gelatin and pectin has been studied before, but most of these studies focused on the effect
of environmental and processing conditions on macroscopic gelatin-pectin gels (Farris, et
al., 2011; Gupta, et al., 2014; Liu, et al., 2007; Nordmark, et al., 2000; Plashchina, et al.,
2007), and so there is still a need to systematically investigate the effects of these
conditions on gelatin-pectin microspheres. The findings from this study will provide
important information on the key parameters to be controlled for scaling up production,
as well as for the rational design of hydrogel particle properties for specific applications.
7.3 Experiment Methods

7.3.1 Materials
Type A gelatin derived from pork skin with 30 mesh granule size and gel strength
of 100 Bloom was a gift from Gelita USA (Sergeant Bluff, IA). Pectin (degree of
esterification 29%) was donated by TIC gum (Pectin LM35, White Marsh, MD). Both
biopolymers were used as is. Other chemicals, including hydrochloric acid (HCl), sodium
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hydroxide (NaOH), and sodium azide were purchased from Sigma-Aldrich (St. Louis,
MO). Double distilled water was used to prepare all solutions.

7.3.2 Preparation of gelatin and pectin stock solutions
A 2 wt% gelatin stock solution was prepared by dissolving weighed amounts of
gelatin powder in double distilled water at 35 °C with continuous stirring for 1 hr. A 0.1
wt% pectin stock solution was prepared by dissolving a weighed amount of pectin
powder into double distilled water at room temperature overnight with continuous
stirring. Sodium azide (0.02 wt%) was added to the stock solutions to prevent microbial
growth (it should be noted that this is not suitable for application within food products).
A 1M sodium chloride stock solution was prepared by dissolving sodium chloride
powder in double distilled water. The biopolymer stock solutions were stored at 4 °C
prior to further usage. Prior to mixing, all the stock solutions and double distilled water
were adjusted to pH 10.0 using NaOH solutions so that the two biopolymers were
miscible in the mixed systems (Wu, et al., 2014).

7.3.3 Parameters affecting formation of gelatin-pectin hydrogel particles

7.3.3.1 Salt concentration
The preparation of hydrogel particles in this study followed a similar procedure as
that described in our previous study with some slight modifications (Wu, et al., 2014).
Weighed amounts of gelatin, pectin, and NaCl stock solutions, were mixed with double
distilled water at pH 10.0, so that the final mixture (100 g) contained 0.5 wt% gelatin and
0.01 wt% pectin with varying concentrations of NaCl (0 ~ 100 mM). The concentration
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of gelatin and pectin was selected based on previous study (Wu, et al., 2014) which
resulted to microspheres with similar dimension as starch granules without addition of
salt. The mixture were then heated to 30 °C on a stirring hotplate (Fisher Scientific
Isotemp Basic Stirring Hotplates, Fisher Scientific, Pittsburgh, PA) at a shear rate of 300
rpm. When the temperature was stabilized, HCl solutions (0.1 M) was added manually
(ca. one drop/3 min) until the mixture reached pH 5.0. During acidification, the pH was
monitored using a pH meter (Metrohm® 827 pH Lab Meter, Metrohm, Riverview, FL).
At each integer pH value, aliquots of samples were collected for turbidity measurement.
After the pH value reached 5.0, samples were removed from the hotplates and kept
stirring at 300 rpm at room temperature overnight for further analysis. All the mixtures
were prepared in a 150 ml beaker with magnetic stir bars (Octagonal, 5/16 in. dia.; 2 in.
L, Fisher Scientific, Pittsburgh, PA)

7.3.3.2 Shear rate
Weighed amounts of biopolymer stock solutions and double distilled water were
mixed at pH 10.0. The gelatin-pectin mixtures were then evenly distributed into aliquots
(100 g) to ensure samples made at different shear rates had the same composition. The
mixtures were then heated to 30 °C on a stirring hotplate and acidified to pH 5.0 as
described in Section 7.3.3.1 while stirred at various rates (150 ~ 600 rpm). After this
process, the samples were removed from the hotplates and kept stirring at the
corresponding stirring rates at room temperature overnight prior to further analysis.

168

7.3.3.3 Acidification rate
The gelatin-pectin mixtures were prepared following similar procedures as
outlined in Section 7.3.3.1. The amount of HCl required to titrate the mixture from pH
10.0 to pH 5.0 was first determined by titrating a known molarity of HCl solution (e.g.,
0.1 M) into a fixed amount of mixture (e.g., 100 g) using a burette. After the required
volume of HCl was determined (2.40 ml 0.1 M HCl per 100 g sample), an automated
electronic pipette (Rainin SE4, Mettler Toledo, Oakland, CA) was used to enable titration
with fixed speeds. Three titration speeds were used to investigate its effect on particle
formation, i.e., 0.1 M HCl was titrated at slow (200 µl per minute), medium (200 µl per
30 sec) or fast (HCl solution was added all at once) speeds. After the pH value of the
mixtures reached 5.0, they were kept at 30 °C so that the total holding time was 20 min
for every sample. The samples were then removed from the hotplates and kept stirring at
300 rpm at room temperature overnight prior to further analysis.

7.3.4 Characterization of coacervates formation
The influence of salt concentration, shear rate, and acid titration rate on the
particle sizes and morphology was determined using static light scattering (Mastersizer
2000, Malvern Instruments, Ltd., Worcestershire, UK) and differential interference
contrast (DIC) microscopy (D-Eclipse C1 80i, Nikon Corporation, Melville, NY, USA)
as discussed in (Wu, et al., 2014). Slight modification was made when determining the
dependence of particle size on the salt concentration using static light scattering: samples
were introduced into an optical measuring cell containing a buffer solution (pH 5.0) with
the same NaCl concentration as the sample being analyzed. The electrical properties of
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the coacervate particles were characterized by measuring the ζ-potential using a particle
micro-electrophoresis instrument (Zetasizer NanoZS, Malvern Instruments, Ltd.,
Worcestershire, UK) (Wu, et al., 2014).
The turbidity of samples was measured with a UV-Visible spectrophotometer at a
wavelength of 600 nm (Evolution Array, Thermo-Scientific, Waltham, MA). Double
distilled water was used as a blank reference. To understand the impact of salt
concentration on the coacervation process, small aliquots of mixed biopolymer solutions
were collected during pH adjustment at each integer pH values for turbidity
measurement, and their appearance at the final pH (pH 5.0) was recorded by a digital
camera (Panasonic DMC-ZS8, Panasonic, NJ).

7.3.5 Statistical analysis
Each individual sample was measured in triplicate for all analyses and all the
experiments were repeated at least twice using freshly prepared samples. The mean and
standard deviations were then calculated from this data. Tukey’s tests (p value < 0.05)
were performed using MATLAB (Version R2014a, MathWorks, Natick, MA).
7.4 Results & Discussion

7.4.1 Influence of salt concentration on the formation of hydrogel particles

7.4.1.1 Turbidity
To characterize the influence of salt content on the complexation of gelatin and
pectin, turbidity measurements were performed on biopolymer mixtures containing 0 to
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100 mM NaCl during the pH adjustment step (Figure 7.2). In the absence of salt (0 mM
NaCl), the mixtures became turbid when the pH fell below 8.0, and the turbidity
increased steeply as the mixture became more acidic. This effect can be explained by the
pH dependence of the electrical characteristics of the two biopolymers (Figure 6.2) (Wu,
et al., 2014). As the pH was reduced from 10.0 to 5.0, the positive charge on the gelatin
molecules increased, whereas the negative charge on the pectin molecules remained high.
In the mixed biopolymer solution, one would therefore expect the positively charged
patches on the gelatin molecules to interact with negatively charged segments of the
pectin molecules (Figure 7.1b), leading to the formation of electrostatic complexes. The
reduction in the entropy of mixing of the two biopolymers due to complexation is more
than compensated for by the increase in entropy associated with the release of counterions bound to these charged regions (Kizilay, et al., 2011; Singh, et al., 2007). Previous
studies suggest that relatively small soluble complexes are formed initially that merge
together to form coacervate particles that scatter light (Figure 7.1) (Singh, et al., 2007),
which would account for the observed increase in turbidity below pH 8.0 (Figure 7.2).
An increase in turbidity of a mixed biopolymer solution is often an indicator of phase
separation associated with the formation of particles with a length scale of 10 ~ 100 nm
(Figure 7.1c). The pH at which this increase in turbidity is first observed has been
designated as pHϕ (Kaibara, et al., 2000; Turgeon, et al., 2009). All the samples were
transparent at pH 10.0, and became turbid when the pH dropped. However, the onset pH
where an increase in turbidity was first observed occurred at lower values as the salt
content increased: pHϕ ≈ 8, 8, 6, and 5 for 0, 10, 30, 50 and 70 mM NaCl, respectively.
The delayed appearance of turbidity can be attributed to the electrostatic shielding effect
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of the counter-ions on the charged groups, which reduced the charge density on both
gelatin and pectin, and consequently reduced the strength of the attractive interactions
between the biopolymers (Turgeon, et al., 2009). This salt screening effect was
particularly apparent at the highest salt concentration (100 mM): the mixture remained
clear even after the pH reached 5.0. By comparing the turbidity of the samples at the final
pH, it was found that as the salt content increased, the final turbidity was reduced (Figure
7.3). This trend can also be seen in the appearances of the final suspensions (Figure 7.3
inset). The turbidity observations indicated that high NaCl contents suppressed the
formation of hydrogel particles, which highlighted the importance of electrostatic
interactions in the formation of gelatin-pectin complexes, which is in agreement with
earlier studies (Turgeon, et al., 2007). This will be discussed further in connection with
the microstructure and electrophoresis analysis in the following sections.

7.4.1.2 Microstructure of the particles
In this section, we investigated the influence of salt content on the microstructure
of the coacervate particles. The particle size distributions of hydrogel particles formed in
the presence of different NaCl concentrations was measured by static light scattering
(Figure 7.4). Reliable light scattering measurements could only be made on samples with
salt concentrations below 50 mM, presumably because the coacervates were too low to be
detected by static light scattering or were unstable to dilution in the light scattering
measurement cell at higher salt concentrations. The hydrogel particles were also observed
using differential interference microscopy (DIC) to determine the influence of salt on
their microstructures (Figure 7.5).
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In the absence of added salt, the hydrogel particle suspension had a primarily
monomodal distribution with a volume-weighted mean diameter (D4,3) of around 34 µm
(Figure 7.4a). There was evidence of a very small peak around 5 µm, indicating the
presence of a fraction of smaller particles. The particle size observed by optical
microscopy was in agreement with the static light scattering measurements (Figure 7.5).
Moreover, the microscopic images revealed that the coacervate particles were roughly
spherical in shape with crinkly surfaces. This “sponge-like” microstructure was also
reported in our previous work (Wu, et al., 2014), and is likely related to the gelling
properties of gelatin. When the samples contained 10 mM salt, the hydrogel particles had
similar mean particle diameters as in the absence of salt (Figure 7.4b), but the fraction of
particles in the small peak around 5 µm increased, and there was another small peak on
the right hand side of the distribution curve, indicating the presence of a small fraction of
large particles. These changes in particle size distribution were in agreement with our
microscopic observations (Figure 7.5): there was an increased amount of small
aggregates dispersed in the solution, which likely corresponded to the shoulder peak
around 5 µm in Figure 7.4a; a small portion of particles were aggregated into doublets,
possibly through coalescence, which explained the other small peak on the right of the
particle size distribution curve (Figure 7.4a). A close examination of the microscopic
images revealed that coacervate particles formed with 10 mM NaCl had smoother
surfaces than the controls. As the salt concentration continued to increase, the light
scattering results showed that the hydrogel particles became more polydisperse (Figure
7.4a). The system containing 30 mM salt had a bimodal distribution, with a definite
small peak around 5 µm. The system containing 50 mM salt had a single peak with a
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wide span of particle diameters. Overall, the peak in the particle size distribution shifted
toward the right with increasing salt concentration (Figure 7.4a), demonstrating an
increase in the particle sizes (Figure 7.4b). At 70 mM salt content, it was observed that
only small and irregular aggregates were formed (Figure 7.5), however, the total amount
of aggregates present was too low to be detected by static light scattering measurement or
the aggregates were unstable to dilution in the light scattering measurement cell (because
of the weak attractive forces between the biopolymers at high salt levels).

7.4.1.3 ζ-potential of the coacervate suspensions
The presence of NaCl clearly interfered with the electrostatic interactions between
the biopolymers, which affected their formation and properties. We therefore measured
the electrical characteristics (ζ-potential) of the hydrogel particles by electrophoresis
(Figure 7.6). The gelatin-to-pectin ratio used in this study (20:1) led to the formation of
hydrogel particles with slightly positive charges. A similar result was observed in our
previous study (Wu, et al., 2014), which was attributed to excess cationic patches on the
gelatin molecules not being fully neutralized by the anionic groups on the pectin
molecules. The net positive charge on the hydrogel particles would lead to an
electrostatic repulsion that may have help inhibit particle aggregation (Wu, et al., 2014).
As NaCl concentration increased, a reduction in ζ-potential was noticed (Figure 7.6),
which can be attributed to electrostatic screening.
NaCl may influence hydrogel particle formation and stability due to its impact on
both the electrostatic attractive and repulsive forces involved. Electrostatic attraction
occurs between opposite charges on different biopolymer molecules leads to the
formation of hydrogel particles. On the other hand, electrostatic repulsion prevents the
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hydrogel particles from merging together. In the presence of NaCl, Na+ ions
preferentially bound to negatively charged carboxylic groups (-COO-) on pectin and
gelatin molecules, while Cl- ions bound to positive amino groups (-NH3+) on the gelatin
molecules, thereby neutralizing their charges and reducing the effective charge density.
This ion binding effect likely hindered the electrostatic interaction between the two
biopolymers. In addition, the effective charge on polyelectrolyte influences the chain
conformation (Dobrynin, et al., 2005): when there is high effective charge, polymer chain
assumes stretched conformation due to electrostatic repulsion between adjacent charged
residues; when salt is added, ion binding reduces the effective charge on the polymer,
leading to collapse of polymer chains. This changes of chain conformation in turn impact
the electrostatic complexation of gelatin and pectin, since collapsed polymer
conformation may limit the availability of charged sites for binding. Due to the effects of
electrostatic screening, ion binding and collapse of chain conformation, a lower pH had
to be reached before complexation occurred (Figure 7.2). As the pH is decreased, one
would expect the electrostatic attraction to increase, eventually overcoming the
electrostatic screening effects. At 10 to 50 mM salt, the number of charges present on the
biopolymers was obviously still sufficient to allow electrostatic complexation to occur,
leading to the formation of hydrogel particles (Schmitt, et al., 1998). In addition, the
slight positive charge on the hydrogel particles may have helped to prevent them from
coalescing with each other. However at higher salt concentrations, the electrostatic
attraction between different biopolymers may have been reduced, thereby reducing the
driving force for complexation and hydrogel formation. In addition, the electrostatic
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repulsion between the hydrogel particles will have been reduced, which may have led to
coalescence and an increase in hydrogel particle size (Figure 7.4 and Figure 7.5).
Changes in the strength of the electrostatic interactions with salt concentration
may also explain the differences in the surface properties of the hydrogel particles: in the
absence of salt they had crinkly surfaces, but in the presence of salt the surfaces were
smooth. It is proposed that the larger hydrogel particles are formed by association of
many smaller sub-units. At low salt concentrations, the strength of the electrostatic
attractions between the biopolymer molecules would be relatively strong, thereby
maintaining the shape of the sub-units (Figure 7.1d). In addition, the strength of the
electrostatic repulsion between the sub-units would also be relatively strong.
Consequently, when the sub-units come into contact they maintain some of their original
structure leading to hydrogel particles with more crinkly surfaces. At higher salt
concentrations, the strength of the electrostatic attraction is reduced and therefore the
forces holding the biopolymers together in the sub-units is weaker, leading to softer more
deformable sub-units. In addition, the electrostatic repulsive forces between the different
sub-units are reduced. Consequently, the sub-units merge together more easily and form
hydrogel particles with smooth surfaces. Similar sponge-like structures have been
reported in electrostatic complexes formed with β-lactoglobulin and acacia gum under
conditions where the amount of the polysaccharide was insufficient to neutralize the
protein (Sanchez, et al., 2002). The authors ascribed this kind of morphology to the
excess charges on the macromolecular complexes.
At high salt concentrations, the electrostatic attraction between oppositely charged
biopolymers is severely weakened due to electrostatic screening effects, which leads to
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dissociation of electrostatic complexes (Schmitt, et al., 1998; Turgeon, et al., 2009). This
effect accounts for the observation that no electrostatic complexes were observed when
the salt concentration exceeded 70 mM (Figure 7.3).

7.4.2 Influence of shear rate on the formation of hydrogel particles
In this section, we examined the effect of shear rate on the formation of hydrogel
particles by measuring their particle size and microstructure using static light scattering
and optical microscopy (Figure 7.7 and Figure 7.7). The hydrogel particles produced at
all shear rates had mono-model particle size distributions, but the maximum occurred at
different particle diameters (Figure 7.7a). The largest particles were produced when the
shear rate was 300 rpm (Figure 7.7b and Figure 7.7). When the shear rate was below or
above this value, the particle size decreased.
These results suggested that the application of shear forces played an important
role in the formation and properties of the hydrogel particles. The shear rate may impact
the size and morphology of the hydrogel particles formed during acidification of the
biopolymer mixtures for a number of reasons. First, shearing helps to ensure thorough
mixing of the acid with the biopolymer solution during the acidification process, which
may impact hydrogel particle properties through its influence of nucleation and growth
mechanisms (Sanchez, et al., 2006). Second, shearing increases the frequency of
collisions between hydrogel particles, which would lead to an increase in particle size
through coalescence. Third, shearing causes the breakup of large hydrogel particles into
smaller ones when the shear forces exceed the cohesive forces, which would lead to a
decrease in particle size. Finally, shearing may lead to reorganization of weakly
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interacting biopolymer molecules within the hydrogel particles, thereby leading to
smaller and denser structures (Laneuville, Sanchez, et al., 2005; Molina-Bolıvar, et al.,
1998).
We postulate that the largest hydrogel particles were formed at an intermediate
shear rate (300 rpm) because of a balance of mixing, coalescence, and breakup
phenomena. At high shear rates (> 300 rpm), the size of the hydrogel particles was
relatively small because the mixing of the acid with the biopolymer solution was rapid
and uniform, and because the particle breakup mechanism dominated (Kim, et al., 2000;
Laneuville, Sanchez, et al., 2005; Norton, et al., 1999). An inverse relationship between
shear rate and particle size has also been reported in several other studies (Garrec, et al.,
2012; Kim, et al., 2000; Norton, et al., 1999; Övez, et al., 1997; Xiao, et al., 2014a). At
low shear rates (< 300 rpm), we postulate that the size of the hydrogel particles was
relatively small (Figure 7.7, Figure 7.8) because of poor mixing conditions related to the
flow profile generated by the magnetic stirrer i.e., vortex flow (Halász, et al., 2007).
When the acid titration was carried out at high stirring rates (≥ 300 rpm), the samples
only remained turbid within the core region of the vortex for a few seconds before
turning transparent under conditions where pH > pHϕ. Conversely, when the acid
titration was carried out using slow stirring rates (150 rpm), the samples remained visibly
turbid within the core region of the vortex for appreciably longer before going clear in
this pH range. Inefficient mixing at low shear rates has been characterized by Halász, et
al. (2007). Therefore, a pH gradient exists in the biopolymer mixture from the core of the
vortex (low pH) to the wall of the beaker (high pH). The mixture at the center of the
beaker (where the acid was initially added) reached a lower pH than that at the edge of
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the beaker. Consequently, more sub-units (Figure 7.1c) may have formed in the center of
the beaker, which acted as nuclei for hydrogel particle formation, i.e., nucleation was
faster than particle growth. The low shear rate was insufficient to re-structure or break-up
these particles, giving enough time for the internal structure to set. In addition,
insufficient mixing lowered the chance for the nuclei to collide and coalescence, leading
to the formation of small particles (McClements, 2005a). Due to the thermo-sensitive
property of gelatin, once the coacervate suspension was cooled down, the structure was
locked in without further coalescence (Figure 7.1e) (Wu, et al., 2014).

7.4.3 Influence of acidification rate on the formation of hydrogel particles
In this series of experiments, the influence of acidification rate (fast, medium or
slow) on particle formation was investigated. Static light scattering measurements and
optical microscopy showed that the acidification rate had an appreciable impact on the
size of the hydrogel particles formed: the particle size became smaller as the titration rate
increased (Figure 7.9 and Figure 7.10). This was probably because the acidification rate
determined the rate at which the charge density of the gelatin molecules increased, which
in turn governed the rate at which the biopolymers associated with each other (Figure
7.1b).
It has been proposed that the formation of hydrogel particles through electrostatic
complexation is primarily a nucleation and growth process (Sanchez, et al., 2006).
Interestingly, the effect of acidification rate on the formation of hydrogel particles
appears to be analogous to the effect of cooling rate on the formation of crystals in
supercooled liquids, which is also a nucleation and growth process (Kaale, et al., 2013;
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Walstra, 2002). During rapid cooling the nucleation rate is faster than the growth rate
and so many small crystals are formed, but during slow cooling the crystal growth rate is
faster than the nucleation rate and so fewer large crystals are formed.In the current case,
the nuclei formed may have been small sub-units that grew into hydrogel particles by
further biopolymer addition or by fusing with other sub-units (Figure 7.1). A high
acidification rate causes the gelatin molecules to rapidly become positively charged
(Laneuville, Sanchez, et al., 2005), leading to their rapid association with anionic pectin
molecules. Consequently, there may have been a relatively large number of electrostatic
complexes (“nuclei”) that initially formed throughout the mixture that grew into hydrogel
particles through further biopolymer addition. At high acidification rate, the mixture
rapidly reached the final pH, at which these hydrogel particles had a net positive charge
(Figure 7.6), preventing them from coalescing with each other due to electrostatic
repulsion. As a result, the final system contained many small hydrogel particles (Figure
7.10c). Conversely, a slow acidification rate causes the positive charge on the gelatin
molecules to develop more slowly, leading to a slower rate of electrostatic complexation.
In this case, there may have been a small number of nuclei (sub-units) formed initially.
Due to the slow acidification rate, the system may have gone through a pH range where
the pectin-gelatin complex was neutral, allowing further attachment of sub-units and
coalescence with discrete complex. Indeed, the hydrogel particles formed under these
conditions were relatively large and had crinkly surfaces, which suggested that they were
comprised of numerous smaller sub-units that had aggregated together (Figure 7.10a).
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7.5 Conclusions
We have shown that hydrogel particles with different sizes and morphologies can
be prepared from gelatin-pectin mixtures by controlling the preparation conditions: ionic
strength, shear rate, and acidification rate. Salt addition suppressed the formation of the
hydrogel particles due to its ability to interfere with the electrostatic interactions between
gelatin and pectin. As the NaCl content increased, hydrogel particles with different sizes
and morphologies were produced, but once the salt content exceeded a certain level no
more hydrogel particles were formed. The hydrogel particle size could also be controlled
by manipulating the shearing conditions used during particle formation. The largest
particles were formed at an intermediate shear rate, which was attributed to the influence
of shearing on particle formation, breakup, and coalescence. The impact of acidification
rate on hydrogel particle formation was also investigated. Fast acidification led to the
formation of a large number of small particles, whereas slow acidification led to the
formation of a small number of large particles. The information obtained in this study
will guide the rational design of hydrogel particles for utilization in a wide range of
applications within the food, pharmaceutical, and personal care industries. For example,
they may be used to replace fat droplets or starch granules within reduced calorie food
products.
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Figure 7.1. Schematic illustration of the electrostatic complexation that occurs
during acidification of gelatin and pectin mixtures (a) gelatin and pectin molecules
exist as individual molecules in solution due to electrostatic repulsion; (b) gelatinpectin soluble complexes are formed due to electrostatic attraction between positive
patches on gelatin and negative patches on pectin; (c) soluble complexes merge and
form gelatin-pectin sub-units; (d) hydrogel particles form due to coalescence of subunits; (e) setting of internal structure as temperature cools down.
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Figure 7.2. Titration profile of gelatin-pectin mixture as effected by NaCl content.
The titration was performed from pH 10 to 5.

Figure 7.3 Influence of salt concentration on the turbidity of the electrostatic
complexes formed with 0.01 wt% pectin and 0.5 wt% gelatin at pH 5. Turbidity was
measured by a UV-Vis spectrophotometer (a) and can be visualized from the
appearance (b)
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Figure 7.4. The particle size distribution (a) and mean particle diameter (D4, 3) (b) of
gelatin-pectin coacervate particles as a function of salt content (0 ~ 50 mM NaCl).
The particle volume % was adjusted with 10% increments so that the particle size
distribution profiles (a) can be more easily compared. a and b represent Tukey
groups that differ significantly with p value < 0.05.

184

Figure 7.5. Representative DIC microscopic images of gelatin-pectin coacervate
particles with various NaCl concentration (0 ~ 70 mM). All the scale bars are 50 µm
in length.

Figure 7.6. Effect of NaCl concentration on the electrical properties of coacervate
particles formed with 0.5 wt% gelatin and 0.01% pectin
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Figure 7.7. The particle size distribution (a) and mean particle diameter (D4, 3) (b) of
gelatin-pectin coacervate particles as a function of shear rate (150 ~ 600 rpm). The
particle volume % was adjusted by 10% increments so that the particle size
distribution profiles (a) could easily be distinguished. a - d represent Tukey groups
that differ significantly with p value < 0.05.
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Figure 7.8. Representative DIC microscopic images of gelatin-pectin coacervate
particles formed at various shear rates (150 ~ 600 rpm). All the scale bars are 50 µm
in length.
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Figure 7.9. The particle size distribution (a) and particle diameter (D4, 3) (b) of
gelatin-pectin coacervate particles as a function of acidification rate (slow, medium
and fast). The particle volume % was adjusted by 10% increments so that the
particle size distribution profiles (a) could easily be distinguished. a - c represent
Tukey groups that differ significantly with p value < 0.05.
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Figure 7.10. Representative DIC microscopic images of gelatin-pectin coacervate
particles formed at (a) slow, (b) medium, and (c) fast acidification rate. All the scale
bars are 50 µm in length.
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CHAPTER 8
8.

MODULATING THE MORPHOLOGY OF HYDROGEL PARTICLES BY
THERMAL ANNEALING: MIXED BIOPOLYMER ELECTROSTATIC
COMPLEXES

8.1 Abstract
Biopolymer hydrogel particles formed by electrostatic complexation of proteins
and polysaccharides have various applications within the food and other industries,
including as delivery systems for bioactive compounds, as texture modifiers, and as fat
replacers. The functional attributes of these electrostatic complexes are strongly
influenced by their morphology, which is determined by the molecular interactions
between the biopolymer molecules. In this study, electrostatic complexes were formed
using an amphoteric protein (gelatin) and an anionic polysaccharide (pectin). Gelatin
undergoes a helix-to-coil transition when heated above a critical temperature, which
impacts its molecular interactions and hydrogel formation. The aim of this research was
to study the influence of thermal annealing on the properties of hydrogel particles formed
by electrostatic complexation of gelatin and pectin. Hydrogel particles were fabricated by
mixing 0.5 wt% gelatin and 0.01 wt% pectin at pH 10 (where both are negative) at
various temperatures, followed by acidification to pH 5 (where they have opposite
charges) with controlled acidification and stirring. The gelation (Tg) and melting
temperature (Tm) of the electrostatic complexes were measuring using a small amplitude
oscillation test: Tg = 26.3°C and Tm = 32.3 °C. Three annealing temperatures (5, 30 and
50 °C) corresponding to different regimes (T < Tg, Tg < T < Tm, and T > Tm) were selected
to control the configuration of the gelatin chain. The effects of formation temperature,
annealing temperature, and incubation time on the morphology of the hydrogel particles
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were characterized by turbidity, static light scattering, and microscopy. The results of this
study will facilitate the rational design of hydrogel particles with specific particle
dimensions and morphologies, which has important implications for tailoring their
functionality for various applications.
8.2 Introduction
Under appropriate environmental conditions, proteins and polysaccharides form
soluble complexes as a result of electrostatic attraction between oppositely charged
regions, and these complexes may then associate with each to form a liquid-liquid phase
separated system consisting of a biopolymer-rich phase and a solvent-rich phase (Kizilay,
Kayitmazer, & Dubin, 2011; Schmitt & Turgeon, 2011). Application of shear forces to
these phase separated systems leads to the formation of water-in-water (W/W) emulsions
containing a biopolymer-rich dispersed phase surrounded by a solvent-rich continuous
phase (Sanchez, Mekhloufi, & Renard, 2006; Wu, Degner, & McClements, 2014). The
dispersed phase can then be gelled to form a hydrogel particle suspension.
Gelatin is one of the first proteins used in the study of electrostatic complexation
of biopolymers (de Jong & van de Meer, 1942). Like many proteins, gelatin is an
amphoteric polyelectrolyte that carries a net positive charge when the pH is below its
isoelectric point (pI), and a net negative charged when the pH is above this value
(Murdock, Braydich-Stolle, Schrand, Schlager, & Hussain, 2008). Gelatin is derived from
partial hydrolysis of collagen under controlled temperature and pH conditions
(Duconseille, Astruc, Quintana, Meersman, & Sante-Lhoutellier, 2015). The protein is
composed of a repetitive amino acid sequence, Glycine-X-Y, with the imino-acids
proline (Pro) and hydroxylproline (Hyp) mostly located in the X and Y position,
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respectively (Djagny, Wang, & Xu, 2001). This particular tri-peptide sequence has
important implications for the molecular conformation of the polypeptide chain. At
sufficiently low temperatures, gelatin chains adopt a left-handed α-helix structure that
may undergo inter- or intra-chain interactions to form a double-helix or triple-helix
configuration, resembling the structure of collagen (Duconseille et al., 2015). The crosslinking of gelatin chains via these helical regions leads to the formation of a threedimensional biopolymer network that traps water. The helical structure of the polypeptide
chain is largely determined by the temperature and concentration of gelatin in solution.
At high temperatures, gelatin losses its helical structure and the primary chain assumes a
random coil conformation (Guo, Colby, Lusignan, & Whitesides, 2003).
The ability of gelatin chains to undergo helix-to-coil transitions may have a
significant influence on their ability to form electrostatic complexes, as self-aggregation
of gelatin may occur simultaneously with electrostatic interactions between gelatin and
other polyelectrolytes. Loren and Hermansson (2000) demonstrated the competition
between gelation and segregative phase separation of gelatin and maltodextrin, which
influenced the microstructure of the polymer hydrogel formed. Presumably, a
competition between gelation and aggregative phase separation (electrostatic
complexation) may also occur and impact the microstructure of the hydrogels formed.
Gelatin-based electrostatic complexes have been studied for their potential
application as delivery systems for flavor compounds and drugs (Saravanan & Rao, 2010;
Yeo, Bellas, Firestone, Langer, & Kohane, 2005). Our recent studies showed the potential
of gelatin-pectin complexes to be used as fat- or starch-mimetics, because spherical
hydrogel particles with similar dimensions and rheological properties as starch granules
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could be formed (Wu et al., 2014). It is well known that particle dimensions and
morphology may have a profound impact on the functional attributes of hydrogel
particles. For example, the particle size and morphology affect the overall appearance,
rheology, and release characteristics of hydrogel particles (Fernández Farrés, Moakes, &
Norton, 2014; Jones & McClements, 2011; McClements, 2002a, 2002b; Menut, Seiffert,
Sprakel, & Weitz, 2012; Shewan & Stokes, 2013). Previously, we analyzed the effect of
gelatin-to-pectin ratio, shear rate, acidification rate, and ionic strength on hydrogel
particle properties (Wu et al., 2014; Wu & McClements, 2015). Given the sensitivity of
gelatin structure to temperature, we hypothesized that the properties of hydrogel particles
formed from it would be influenced by their thermal history. The present study therefore
focuses on the impact of formation temperature, annealing temperature, and incubation
time on the particle dimensions and morphology of gelatin-pectin electrostatic
complexes. This information may be useful for producing hydrogel particle suspensions
with properties tailored for specific applications in the food and other industries.
8.3 Experiment Methods

8.3.1 Materials
Porcine skin-based, acid-processed gelatin with 30 mesh granule size and gel
strength of 100 Bloom was donated by Gelita USA (Sergeant Bluff, IA). Pectin (Pectin
LM35, degree of esterification: 29%) was provided by TIC gum (White Marsh, MD).
Hydrochloric acid (HCl), sodium hydroxide (NaOH), and sodium azide were purchased
from Sigma-Aldrich (St. Louis, MO).
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8.3.2 Preparation of gelatin and pectin stock solutions
Gelatin powder was dissolved in double distilled water at 35 °C with continuous
stirring for 1 hour to prepare a 2 wt% gelatin stock solution. Pectin powder was dispersed
in double distilled water at ambient temperature and then stirred overnight to ensure
complete hydration resulting in a 0.1 wt% pectin stock solution. To prevent microbial
growth, sodium azide (0.02 wt%) was added to the biopolymer stock solutions, and the
solutions were stored at 4 °C prior to further usage.

8.3.3 Preparation of gelatin-pectin electrostatic complexes
Gelatin-pectin electrostatic complexes were prepared as described in our previous
study (Wu et al., 2014). The pH of the pectin solution was adjusted to pH 10 using NaOH
solutions (0.1 and 1 M). Gelatin stock solution was first heated at 40 °C for 30 min to
ensure it was in the random coil (liquid) state. The gelatin solution was then diluted with
double distilled water to 0.556 wt%, followed by pH adjustment to pH 10 using NaOH
solutions (0.1 and 1 M). A gelatin-pectin mixture (pH 10) was prepared by mixing
weighed amounts of these two pH-adjusted biopolymer solutions to obtain a final
concentration of 0.5 wt% gelatin and 0.01 wt% pectin. The pH and temperature of all
solutions were monitored using a pH meter (Metrohm® 827 pH Lab Meter, Metrohm,
Riverview, FL).

8.3.3.1 Effect of formation temperature
The gelatin-pectin mixtures (100 g) were placed in water baths set at various
temperatures (5, 30, or 50 °C) and then stirred at a shear rate of 300 rpm (Fisher
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Scientific Isotemp Basic Stirring Hotplates, Fisher Scientific, Pittsburgh, PA) for about
20 min. Once the temperatures were stabilized, the pH of the biopolymer solutions was
adjusted from pH 10 to 5 by titrating HCl solution (0.1 M) using an automated electronic
pipette (Rainin SE4, Mettler Toledo, Oakland, CA) at a titration speed of 50 µl per 30
second. A total of 2.40 ml of 0.1 M HCl was added to the 100 g mixture as determined in
a previous study (Wu & McClements, 2015). The pH value of the mixtures reached 5.0 in
24 min. Subsequently, the gelatin-pectin complexes formed at 5 °C were removed from
the water bath and kept stirring at 300 rpm at room temperature (25 °C) prior to further
analysis, while the gelatin-pectin complexes formed at 30 and 50 °C were placed in a
cooled water bath (5 °C) until their temperature reached 25 °C and were then kept stirring
at 300 rpm at room temperature before further analysis. All the mixtures were prepared in
a 150 ml beaker and were stirred using magnetic stir bars with the same dimensions
(Octagonal, 5/16 in. dia.; 2 in. L., Fisher Scientific, Pittsburgh, PA).

8.3.3.2 Effect of annealing
The gelatin-pectin complexes formed at 5 and 30 °C were stabilized at room
temperature overnight and then subjected to annealing. The suspensions formed at 5 °C
were placed in water baths set at temperature of 30, 40 or 50 °C, while the ones formed at
30 °C were placed in water baths set at temperatures of 40 or 50 °C. All the suspensions
were reheated from room temperature and were held for 10 minutes once the annealing
temperature was reached. After annealing, samples were rapidly cooled down to 25 °C in
a cold water bath (5 °C) and then left stirring at room temperature prior to analysis.
Samples were collected for microscopic imaging: (i) before annealing; (ii) immediately
after they reached the annealing temperature; and (iii) after 10-minute holding at the
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annealing temperature. The rational for selecting these annealing temperatures (30, 40,
and 50 °C) is discussed in the Results & Discussion section.

8.3.3.3 Effect of annealing time
Gelatin-pectin complexes were formed at 30 and 50 °C

as described in

section 8.3.3.1. When the pH value of the mixture was adjusted to pH 5, samples were
removed either immediately or after 30 min, and then they were cooled down to room
temperature (25 °C) by placing them in a cold water bath (5 °C). During this whole
process, samples were kept stirring at 300 rpm prior to further analysis.

8.3.4 Determination of sol-gel transition temperatures
Gelatin-pectin complexes prepared at 30 °C were centrifuged at 6000 rpm for 40
min at 25 °C using a Thermo Scientific Centrifuge (Sorvall RC6 Plus, Thermo Scientific,
Agawam, MA) with a Fiberlite fixed-angle rotor (PIT F10S-6 × 500Y, Santa Clara, CA).
After centrifugation, the sediment, which was the gelatin-pectin complex, was collected
for rheological analysis. The sol-gel transition of the complex was characterized using a
strain/stress-controlled rotational rheometer (Kinexus, Malvern Instruments Ltd,
Worcestershire, UK). In order to eliminate wall-slip issues commonly associated with
colloidal systems (Buscall, 2010), serrated parallel plates were used with diameters of 65
mm for the lower plate and 40 mm for the upper plate. The melting and gelation process
of the samples were monitored using an oscillation test coupled with a temperature ramp.
The oscillation test was performed using a 0.5 mm gap, a 0.5% strain (within the linear
viscoelastic region), and an oscillatory frequency of 1 Hz (6.283 rad/s). The temperature
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profile involved heating the samples from 15 to 45 °C and cooled down to 15 °C at a
ramping rate of 2 °C/min. The viscoelastic parameters G’ and G” were plotted as a
function of temperature. The cross-over point of G’ and G” during heating and cooling
were determined as the melting and cooling point, respectively. The rheological profile
and cross-over points were determined by the instrument software (rSpace, version 1.60,
Malvern Instruments Ltd, Worcestershire, UK).

8.3.5 Characterization of gelatin-pectin complexes
The effects of thermal treatment on the particle dimensions and morphology were
determined using static light scattering (Mastersizer 2000, Malvern Instruments, Ltd.,
Worcestershire, UK) and differential interference contrast (DIC) microscopy (D- Eclipse
C1 80i, Nikon Corporation, Melville, NY, USA) as discussed in our previous study (Wu
et al., 2014). The particle size distribution and volume-weighted mean diameter (D4,3)
were calculated from the light scattering profile using the instrument software
(Mastersizer 2000, version 5.60). An objective lens with 40× magnification was used for
microscopy analysis. The microscopic images were processed by the digital image
processing software (Micro Video Instruments Inc., MA). The turbidity of samples was
measured using a UV-visible spectrophotometer at a wavelength of 600 nm (Evolution
Array, Thermo-Scientific, Waltham, MA) with double distilled water as the blank
reference.
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8.3.6 Statistical analysis
All measurements were conducted in triplicate and all experiments were repeated
at least twice using freshly prepared samples. The mean and standard deviations were
then calculated from this data. Tukey’s tests (p value < 0.05) were performed using
MATLAB (Version R2014a, MathWorks, Natick, MA).
8.4 Results & Discussion

8.4.1 Determination of sol-gel transition temperatures
The triple helix configuration of gelatin molecules would be expected to affect the
location of charged residues and hence their availability for electrostatic interactions with
pectin (Dobrynin & Rubinstein, 2005; Wu & McClements, 2015). These chain
configurations are temperature dependent and thermo-reversible: at temperatures above
the melting point (Tm), the gelatin molecules adopt a random coil conformation; as the
temperature decreases, gelatin chains associated with each other and form a triple-helix
structure (Coppola, Djabourov, & Ferrand, 2012; Duconseille et al., 2015). When gelatin
molecules are in close proximity (e.g., at sufficiently high concentrations), intermolecular
interactions occur leading to the formation of helical junction zones that give rise to a
three-dimensional gel network. The temperature where the three-dimensional gel network
starts to percolate is defined as the gelation temperature (Tg), which is an important
parameter correlated with the development of helical structure (Djabourov, Leblond, &
Papon, 1988b; Loren & Hermansson, 2000).
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To understand the influence of temperature on the gelatin-pectin complexes, it is
important to identify these two critical transition points (Tm and Tg). In this section, we
used small amplitude oscillation experiments to characterize the viscoelastic solid-toliquid transition of the gelatin-pectin complexes (Figure 8.1). For a viscoelastic solid, the
storage modulus is greater than the loss modulus, but for a viscoelastic liquid the opposite
is true, and therefore changes in modulus with temperature can be used to identify
transition points. The specific temperature/time/frequency at which the storage modulus
equals the loss modulus (i.e., the phase angle δ is equal to 45°) is normally considered as
the transition point (Winter & Mours, 1997). When the temperature of the electrostatic
complexes was increased from 15 to 45 °C, elastic behavior dominated at temperatures
below 32.3 °C (G’ > G”), while viscous behavior dominated at higher temperatures (G’ <
G”). Therefore, the crossover point (G’ = G”) signified the melting of the helical structure
(i.e., Tm = 32.3 °C). When the sample was cooled down from 45 to 15 °C, elastic
behavior dominated (G’ > G”) when the temperature fell below 26.3 °C, indicating gel
formation (i.e., Tg = 26.3 °C).
The influence of temperature on the rheological properties of the gelatin-pectin
complexes could therefore be divided into three regions: (i) T > Tm; (ii) Tg < T < Tm; (iii)
T < Tg. It has been reported previously that: when T > Tm, gelatin adopts a random coil
structure; when Tg < T < Tm, gelatin consists of both triple helixes and random coil
structures; and when T < Tg, gelatin predominantly assumes triple helixes with a small
amount of random coil structure (Coppola et al., 2012; Duconseille et al., 2015).
Therefore, for the following studies, three temperatures (50, 30, and 5 °C) were selected,
representing each temperature region. It should be noted that the gelation temperature
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(Tg) measured using this method does depend on the cooling rate and biopolymer
concentration (Tosh & Marangoni, 2004). Therefore, the sol-gel transition temperature
measured here can only be considered as an estimation for identifying the three
temperature regions. As a precaution, we therefore used a temperature (5 °C) that is
substantially lower than the measured gelation temperature to ensure that the triple helical
structure was in abundance.

8.4.2 Effect of formation temperature on gelatin-pectin complexation

8.4.2.1 Turbidity
In this section, the effect of formation temperature on the microstructure of
gelatin-pectin complexes was investigated. As determined by the rheological
characterization of the sol-gel transition, three temperatures were used to form the
gelatin-pectin complexes: 50, 30 and 5 °C. Similar to our previous studies (Wu et al.,
2014; Wu & McClements, 2015), it was observed that the gelatin-pectin mixtures became
turbid as the system was adjusted from pH 10 to 5, regardless of the initial formation
temperature (data not shown). This increase of turbidity is a result of the formation of a
separate phase consisting of particles large enough to scatter light strongly, and is often
associated with the appearance of electrostatic complexes in aqueous solutions (Kaibara,
Okazaki, Bohidar, & Dubin, 2000). It can therefore be deduced that gelatin-pectin
electrostatic complexes were formed under all three-temperature conditions.
Interestingly, the electrostatic complexes formed at the lowest temperature (5 °C)
was fairly turbid (0.24 cm-1) when the solution was first adjusted to pH 5, but became
nearly transparent (0.07 cm-1) when the sample was incubated at room temperature
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(Figure 8.2). Conversely, the turbidity of the electrostatic complexes formed at the
intermediate and highest temperatures (30 and 50 °C) remained stable when they were
incubated at room temperature. The change of turbidity of the complexes prepared at the
lowest temperature indicated that there was a rearrangement of the microstructure when
the temperature was increased. It has been reported previously that gelatin gels formed at
low temperatures have more triple helixes than those formed at higher temperatures, but
that the helical regions are shorter (Díaz-Calderón, Caballero, Melo, & Enrione, 2014;
Djabourov, Leblond, & Papon, 1988a). Shorter helixes are typically less stable and can
easily melt (Djabourov et al., 1988a; Guo et al., 2003). It is therefore likely that as the
temperature was increased from 5 °C to ambient temperature (25 °C), part of the gelatin
helixes melted which caused rearrangements of the molecular interactions and altered the
microstructure of the complexes and hence the turbidity. Due to the sensitivity of the
complexes to temperature, the turbidity measurements had relatively high standard
deviations.
The turbidity of all the samples after equilibration at 25 °C is shown in Figure
8.3: the complexes formed at 30 °C had the highest turbidity, followed by those formed
at 50 and 5 °C. The turbidity of a colloidal suspension depends on concentration, size,
and refractive index of the particles (McClements, 2005), which may all depend on the
preparation conditions of electrostatic complexes. We therefore investigated the particle
dimension and microstructure using optical microscopy and static light scattering.

8.4.2.2 Microstructure
The microscopic analysis revealed that gelatin-pectin complexes prepared at
different formation temperatures (Tf) had very different microstructures (Figure 8.4).
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Fibrous structures were observed when the complexes were formed below the gelation
temperature (Tf < Tg), i.e., at 5 °C (Figure 8.4a). In addition, these structures were very
unstable and rapidly transformed into small irregular-shaped particles when the samples
were equilibrated at room temperature (Figure 8.4b). This microstructure change may
explain the decrease in turbidity that was observed when these complexes were
equilibrated at room temperature. As a result of the irregular shape and stability of these
aggregates, reliable static light scattering measurements could not be achieved.
At intermediate and high formation temperatures (30 and 50 °C), the gelatinpectin complexes were present as spherical hydrogel particles with sponge-like surfaces
(Figure 8.4c, d). However, when the formation temperature (50 °C) was substantially
higher than the melting temperature (Tf > Tm), the particles had smoother surfaces than
those formed when the formation temperature (30 °C) was between the gelation and
melting temperatures (Tg < T < Tm). The particle size of the electrostatic complexes
formed at 30 and 50 °C were stable enough to be analyzed by static light scattering, and
so we measured their particle size distributions and mean diameters (D4,3) (Figure 8.5).
The diameter of the microspheres formed at 50 °C (33 µm) were larger than the ones
formed at 30 °C (24 µm) (Figure 8.5b). At 30 °C, the particle size distribution appeared
to be mainly mono-model with a minor tail around ~ 2 µm. The trace amount of these
small particles was noticeable in Figure 8.5c. At 50 °C, the main peak shifted rightwards,
indicating an increase in particles size. In addition, a small peak (around 5 µm) on the left
shoulder was prominent, which corresponded to the smaller particles observed in Figure
8.5d.
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8.4.2.3 Proposed mechanism
Based on these results, we propose that temperature affects the microstructure of
gelatin-pectin complexes through the following mechanism (Figure 8.6):
Low temperatures (Tf < Tg): When the formation temperature was lower than the
gelation temperature, the gelatin molecules were primarily in a fairly rigid helical
structure (Figure 8.6a). At pH 10, there was no electrostatic attraction between the gelatin
and pectin molecules because they were both highly negatively charged. Upon pH
reduction, the free amine groups (-NH2 → -NH3+) and free carboxyl groups on the gelatin
became protonated (-CO2- → - CO2H), leading to a net increase in the positive charge on
the gelatin molecules. As a result, soluble complexes could form between the cationic
gelatin and anionic pectin through electrostatic attraction (Wu et al., 2014; Wu &
McClements, 2015). However, it is likely that the rigid triple helical structure of gelatin
limited the availability of cationic charged sites for interaction, and only the outermost
positive groups were involved in complexation with the pectin molecules. In addition,
gelatin molecules may have assembled with each other, rather than forming complexes
with the pectin (Figure 8.6d). Thus, the linear rigid rod-like conformation of the gelatin
helix restricted the shape of the gelatin-pectin complexes, and led to the formation of the
observed fibrous microstructure (Figure 8.4). As discussed earlier, at the lowest
temperature, the helical regions were relatively small and unstable to temperature
changes, which lead to the configurational rearrangement that was observed when the
samples were incubated at 25 °C.
Intermediate Temperatures (Tg <Tf < Tm): When the formation temperature
was between the gelation and melting temperatures, the gelatin molecules had a tendency
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to exist in both helical and random coil structures (Figure 8.6b). In other words, melting
and formation of the helical regions could occur. Thus, when the pH was reduced,
electrostatic complexes could be formed between the anionic pectin molecules and
cationic gelatin molecules that were either in a helical or random coil structure (Figure
8.6e). One would expect that a greater amount of helix formation in the gelatin
molecules, would lead to more gelatin-gelatin cross-linking prior to gelatin-pectin crosslinking. Consequently, more rigid hydrogel structures may have been formed under
conditions where gelatin gelation occurred prior to electrostatic complexation, which
would account for the sponge-like surface structures observed in this region when the
temperature was reduced to 25 °C.
High Temperature (Tf> Tm): When the formation temperature was well above
the melting temperature, a majority of gelatin molecules would be in the random coil
conformation. Thus, the electrostatic complexes formed when the pH was reduced would
be expected to be predominately between flexible pectin and gelatin molecules, leading
to the formation of more mobile soluble complexes. The soluble complexes continued to
merge together and grow until one biopolymer (in this case gelatin) was in excess, and
the electrical charge on the hydrogel particles generated sufficient electrostatic repulsion
to prevent further particle coalescence and growth (Wu & McClements, 2015). Similar to
particles formed at 30 °C, the random coil structure led to a more mobile electrostatic
complex that facilitated the formation of spherical hydrogel particles. As the temperature
was cooled down to room temperature, neighboring gelatin molecules annealed to
stabilize the microstructure. The hydrogel particles formed at 50 °C were larger than
those formed at 30 °C (Figure 8.4 and Figure 8.5), which suggests that the rate of nuclei
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formation was less than the rate of growth at the higher temperature. In addition, the
hydrogel particles formed at 50 °C had smoother surfaces because the electrostatic
complexes were more mobile due to the lack of gelatin helix formation and cross-linking.
The ability of gelatin molecules to undergo a helix-coil transition at different
temperatures has been reported in many previous studies (Díaz-Calderón et al., 2014;
Djabourov et al., 1988a, 1988b; Duconseille et al., 2015; Guo et al., 2003; Tosh &
Marangoni, 2004). In future studies, we intend to use infrared, circular dichroism,
isothermal titration calorimetry, and electron microscopy to verify the mechanism above.

8.4.3 Effect of annealing on gelatin-pectin complex
In this section, we selected hydrogel suspensions prepared at two formation
temperatures below the melting temperature (Tf < Tm): 5 and 30 °C. These two samples
were selected since they gave hydrogel particles that had non-spherical shapes or with
crinkly surface, which were attributed to cross-linking of gelatin molecules due to helical
formation. The hydrogel suspensions were then annealed at various temperatures (i.e., Ta
= 30, 40 and 50 °C). These temperatures were selected to observe the behavior of the
hydrogel particles at conditions between the gelation and melting temperature (Tg < Ta <
Tm) and above the melting temperature (Ta > Tm). We hypothesized that annealing would
alter the morphology of the hydrogel particles by reducing the amount of helical regions,
and therefore reducing the number of gelatin-gelatin interactions. The effect of annealing
on the properties of the gelatin-pectin complexes was characterized by turbidity
measurements (Figure 8.7), optical microscopy (Figure 8.8), and static light scattering
(Figure 8.9).
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8.4.3.1 Turbidity
The turbidity of the hydrogel suspensions was measured before and after
annealing at various temperatures (Figure 8.7). Initially, the turbidity of the suspensions
formed at 5 °C was appreciably lower than that of the suspensions formed at 30 °C,
which suggested that the samples prepared at the lower temperature contained smaller,
fewer, or less dense hydrogel particles. The turbidity of the hydrogel suspensions formed
at 5 °C increased appreciably after annealing, whereas it decreased slightly for those
formed at 30 °C. The change in turbidity caused by annealing suggested that the thermal
treatment led to some rearrangement of the gelatin-pectin complexes, which in turn
caused a change in the size, concentration or refractive index of the particles
(McClements, 2002b). The maximum turbidity was achieved for the sample formed at 5
°C after it was annealed at 30 °C for 10 min. It is likely that this sample contained
particles with dimensions similar to the wavelength of light (600 nm) used for the
turbidity measurements.

8.4.3.2 Microstructure
Static light scattering and optical microscopy revealed that annealing had a
significant impact on the microstructure of the gelatin-pectin complexes. When the
electrostatic complexes formed at 5 °C were annealed at 30 °C there was a change in
their morphology from fibrous structures to spheroid structures (Figure 8.8). The static
light scattering measurements indicated that the hydrogel particle suspensions had a
monomodal distribution with a mean particle diameter (D4,3) around 1.0 µm (Figure 8.9).
These particles therefore had dimensions (D4,3 = 1000 nm) that were fairly similar to the
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wavelength of light (λ = 600 nm) used for the turbidity measurements, which would
account for the relatively high turbidity that was observed (Figure 8.7).
When these complexes were reheated at a temperature higher than the melting
temperature of gelatin (40 and 50 °C), the fibrous aggregates appeared to merge into
large spherical-shaped particles (Figure 8.8). Spherical particles were observed soon after
the temperature reached the annealing temperature, which suggests that the
conformational changes occurred fairly rapidly. After the particles were held at the
annealing temperature for 10 min, the size of the hydrogel particles increased, which
suggests that they became more mobile and fused together after encounters. In addition,
the electrostatic complexes annealed at 50 °C produced larger particles (D4,3 = 36 µm)
than the ones annealed at 40 °C (D4,3 = 28.5 µm). These particles had dimensions much
greater than the wavelength of light, which would lead to weaker light scattering and a
lower turbidity (Figure 8.7). Similarly, when the electrostatic complexes formed at 30 °C
were annealed at temperatures above the melting temperature (Ta > Tm), i.e., 40 or 50 °C,
the hydrogel particles also increased in dimensions (Figure 8.8 and Figure 8.9).
Interestingly, the morphology of the annealed hydrogel particles depended on the
initial formation temperature (Tf) and the annealing temperature (Ta). When the hydrogel
particles formed at 5 °C were annealed at 30 °C, they maintained some of their original
non-spherical shape because some helical regions still existed thereby enabling gelatingelatin cross-linking (Djabourov et al., 1988a). However, when these particles were
annealed at 40 or 50 °C they formed large spheroid shapes with smooth surfaces. This
effect can be attributed to the melting of the helical regions and concomitant dissociation
of the gelatin-gelatin cross-links, thereby reducing the rigidity of the hydrogel phase.
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This would allow hydrogel particles to adopt a more spherical shape and to merge
together so as to reduce the unfavorable interfacial area between the two phases.
When the hydrogel particles formed at 30 °C were annealed at high temperatures
(40 or 50 °C) they transformed from sponge-like structures to spheroid-shaped particles
that had large circular cavities on their surfaces. Additionally, we observed some
coalescence (merging together) of the microspheres using optical microscopy. The
original sponge-like structure was probably the result of the rigidity of the hydrogel phase
caused by cross-linking of gelatin molecules through helical regions. Upon annealing, the
gelatin molecules in the surface irregularities melted, rearranged, and reformed
intermolecular cross-links with neighboring pectin and gelatin, thereby smoothing out the
surface structure. At higher temperatures, the hydrogel phase became so mobile that
coalescence of hydrogel microspheres occurred, leading to an increase in particle size and
to the presence of some circular cavities on their surfaces (due to only partial fusing).
After annealing at 50 °C for 50 min (data not shown), some circular cavities were still
present, although they reduced in number (one or two per microsphere). We do not fully
understand why the hydrogel particles did not fully coalesce and why the cavities
remained for extended periods. One possible reason is that each hydrogel microsphere
was surrounded by an outer layer of pectin molecules, which led to some electrostatic and
steric repulsion that retarded their complete merging together.

8.4.4 Effect of annealing time on gelatin-pectin complexes
The earlier experiments demonstrated that annealing of the hydrogel particles
formed by electrostatic complexation of gelatin and pectin could be used to modify their
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dimensions and morphology. In this section, we examined the influence of annealing time
on the properties of the hydrogel particles. Hydrogel particles formed at 30 and 50 °C
were subjected to two holding times at the targeted formation temperatures: the samples
were either cooled to room temperature rapidly after pH adjustment (0 min), or they were
held for 30 min before cooling.
It appeared that prolonged holding only had a limited effect on the particle size of
the hydrogel particles (Figure 8.10). The particle size distribution and mean particle
diameter of the hydrogel particles formed at 30 °C, only changed slightly when the
holding time was increased from 0 (D4,3 = 27 µm) to 30 min (D4,3 = 31 µm). In addition,
prolonged heating did not alter the sponge-like surface structure of these particles (Figure
8.11). However, we did observe a small fraction of oval-shaped particles upon prolonged
holding, which may account for the slight increase in particle size that was observed
(Figure 8.10b). The cause of this alteration in particle shape is not completely understood.
It is possible that melting and reformation of the helical structures occurred
simultaneously in the intermediate temperature range (Tg < Tf < Tm). During shearing, the
hydrogel particles became elongated in the flow field and this structure was maintained
because some gelatin-gelatin interactions still occurred in this temperature ranging giving
the particles some elastic properties. The ability of shearing to alter the shape of hydrogel
particles has been reported by other researchers using different biopolymer systems
(Fernández Farrés et al., 2014; Gabriele, Spyropoulos, & Norton, 2009). These
researchers attributed the change in particle morphology to a kinetic competition between
gel network formation and shear-induced deformation around the gelation temperature.
We thus expected a similar mechanism for the hydrogel particles formed in this study at
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temperatures near the gelation temperature of gelatin. In future experiments, a more
sophisticated experiment using controlled thermal treatments (heating/cooling rate) and
flow behavior (laminar vs. turbulent) will be conducted on the gelatin-pectin systems to
further explore changes in their shape during prolonged holding.
For the hydrogel particles initially formed at 50 °C, there appeared to be a large
population of hydrogel particles around 40 µm and a much smaller population around 5
µm after prolonged holding (Figure 8.10a). In addition, the mean particle diameter
increased from around 31 to 36 µm (Figure 8.10b), and the surface of the hydrogel
particles became smoother (Figure 8.11). These changes are probably because when held
at T > Tm, a majority of the gelatin chains were in the random coil form, which allowed
biopolymer rearrangements and optimization of particle structure.
8.5 Conclusions
This study has demonstrated that thermal annealing can have a significant impact
on the dimensions and morphology of hydrogel particles fabricated by electrostatic
complexation of cationic gelatin and anionic pectin. This origin of this effect can be
attributed to the fact that the polypeptide chains of gelatin undergo a helix-to-coil
transition upon cooling, which promotes the association of gelatin molecules through
helical junction zones leading to hydrogel formation. This gelatin-gelatin association
process competes with the gelatin-pectin electrostatic complexation process, leading to
various microstructures of the hydrogel particles.
We hypothesize that when gelatin-pectin interactions dominate, the biopolymer
phase has a relatively soft structure that allows the hydrogel particles to adopt an
approximately spherical shape so as to minimize their interfacial area. In addition, these
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soft hydrogel particles are susceptible to coalescence when they contact each other
leading to particle growth. Conversely, when gelatin-gelatin interactions dominate, the
biopolymer phase has a relatively rigid structure that leads to the formation of irregularly
shaped particles that are more stable to coalescence.
The relative importance of the gelatin-gelatin interactions depends strongly on the
temperature of hydrogel particle formation. At temperatures below the gelatin gelation
temperature (T < Tg), the gelatin chains predominately assume helical structures that
promote gelatin-gelatin interactions, and lead to a more rigid biopolymer phase. At
temperatures between the gelatin gelation and melting temperatures (Tg < T < Tm),
melting and formation of the helical structures occurs, which reduces the number of
gelatin-gelatin interactions and promotes the flexibility of the biopolymer phase. At
temperatures above the gelatin melting temperature (T > Tm), the gelatin chains adopt a
random coil configuration, and so gelatin-gelatin interactions do not occur, leading to a
more flexible biopolymer phase. Thus, it was possible to prepare hydrogel particles with
different morphologies by fabricating them at different temperatures. The morphology of
the hydrogel particles could also be altered after they were formed by incubating them at
different annealing temperatures.
This study has provided important information about the major parameters that
influence the formation and properties of hydrogel particles assembled by electrostatic
complexation of gelatin and pectin. For example, the annealing experiments suggest that
the morphology and dimensions of hydrogel particles can be controlled after their
formation by holding them at temperatures above the gelatin melting temperature (T >
Tm). This may be useful to simplify the manufacturing process for certain commercial
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applications. In future studies, we intend to focus on the effects of heat-cool cycles,
heating/cooling rates, and shearing on the morphology, stability, and functionality of
these hydrogel particles. In addition, we intend to characterize the molecular interactions
and internal organization of the hydrogel particles using infrared, circular dichroism,
isothermal titration calorimetry, and electron microscopy methods. The hydrogel particles
created in this study may be useful for various applications within the food and other
industries, e.g., triggered or controlled release of encapsulated ingredients, or modulation
of product texture or mouthfeel.
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Figure 8.1. Storage modules (G’) and loss modules (G”) obtained by small
amplitude oscillation test with heating and cooling cycle. The arrows indicate the
direction of the thermal cycle. The cross-over points of G’ and G” at heating or
cooling cycle were defined as melting (Tm) or gelation (Tg) temperature,
respectively.

Figure 8.2. Appearance of gelatin-pectin complex suspension formed at 5 °C when
(a) the complex was freshly prepared, and when (b) the complex was stabilized to
room temperature (25 °C)
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Figure 8.3. Turbidity of gelatin-pectin complexes formed at 5, 30 and 50 °C after the
samples were equilibrated to room temperature (25 °C). a - c represent Tukey
groups that differ significantly with p value < 0.05.

Figure 8.4. Representative DIC microscopic images of gelatin-pectin complex
formed at (a) 5 °C right after the pH adjustment, (b) 5 °C, (c) 30 °C and (d) 50 °C
after they were stabilized at room temperature (25 °C). All the scale bars are 50 µm
in length.
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Figure 8.5. Particle size distribution (a) and particle diameter (D4,3) (b) of gelatinpectin complex formed at 30 and 50 °C. a and b represent Tukey groups that differ
significantly with p value < 0.05.
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Figure 8.6. Schematic illustration of the proposed mechanisms for electrostatic
complexation of gelatin and pectin at various formation temperatures (Tf = 5, 30,
and 50 °C). Gelatin assumes (a) mainly helix, (b) both helix and coil, and (c) mainly
coil structures in pH 10 solution at Tf = 5, 30, and 50 °C, respectively. After mixing
with pectin solution (pH 10) and acidification to (pH 5), electrostatic interaction
occurrs between pectin and (d) gelatin helixes, (e) gelatin coils and helixes, and (f)
gelatin coils to form complexes with various microstructures.
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Figure 8.7. Turbidity of samples formed at 5 °C and after they were annealed at 30,
40 and 50 °C for 10 min, and samples formed at 30 °C and after they were annealed
at 40 and 50 °C for 10 min. a - c represent Tukey groups that differ significantly
with p value < 0.05.

217

Figure 8.8. Influence of annealing temperature and holding time on the
microstructure of gelatin-pectin complex formed at 5 and 30 °C. Samples were
observed with DIC microscope. All the scale bars are 50 µm in length.
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Figure 8.9. Influence of annealing temperature on the particle size distribution (a)
and particle diameter (D4,3) (b) of gelatin-pectin complex formed at 5 and 30 °C. a e represent Tukey groups that differ significantly with p value < 0.05.
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Figure 8.10. Influence of annealing time (0 or 30min) on the particle size
distribution (a) and particle diameter (D4,3) (b) of gelatin-pectin complex formed at
30 and 50 °C. a - d represent Tukey groups that differ significantly with p value <
0.05.
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Figure 8.11. Representative DIC microscopic images of gelatin-pectin complex
formed at (a) 30 °C with 0 min holding, (b, c) 30 °C with 30 min holding, (d) 50 °C
with 0 min holding and (e) 50 °C with 30 min holding. It can be noticed in (c) that
prolonged heating for complex formed at 30 °C resulted to some particles with oval
shape. All the scale bars are 50 µm in length.
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CHAPTER 9
9.

MICROGELS FORMED BY COMPLEX COACERVATION OF GELATIN
AND OSA STARCH: POTENTIAL FAT OR STARCH MIMETICS

9.1 Abstract
The creation of high quality reduced-calorie food products is challenging because
the removal of digestible fats or carbohydrates compromises quality attributes. The
objective of this research was therefore to create hydrogel microspheres from gelatin and
octenyl succinic anhydride (OSA) starch for potential use as fat droplet or starch granule
mimetics. Hydrogel microspheres were formed based on the ability of cationic gelatin
and anionic OSA-starch to phase separate through complex coacervation. Mixtures of
type A gelatin (0.5 wt%) and OSA-starch (0 to 2.0 wt%) were dispersed in water at room
temperature. Upon acidification to pH 5, the mixtures formed molecular complexes due
to electrostatic attraction between gelatin and OSA-starch. The influence of polymer ratio
on the formation of molecular complexes was determined by micro-electrophoresis and
turbidity analysis. Static light scattering and microscopy revealed that spindle to oval
shaped particles were formed with a mean diameter (d3,2) ranging from 5 to 13 µm with
the maximum particle size being achieved at 0.5% gelatin and 0.4 wt% OSA-starch.
These particles may be useful as texture modifiers or to encapsulate flavor oils to
improve the sensory quality of reduced calorie products.
9.2 Introduction
The large proportion of individuals who are either overweight or obese is a global
public health problem (Kozak, Tjota, & Close, 2011). One strategy to help address this
problem is to develop high quality food products with reduced digestible fat and
carbohydrate contents. Development of fat and carbohydrate mimetics using healthier
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ingredients (such as proteins and dietary fibers) has therefore become of major concern to
food scientists (Akoh & Min, 2008). Our previous work has shown the potential of using
hydrogel particles formed by coacervation to create fat droplet or starch granule mimetics
(Wu, Degner, & McClements, 2014). Hydrogel particles based on complex coacervation
may also be utilized to develop effective delivery systems to encapsulate, protect, and
release active ingredients, such as flavors, colors, preservatives, nutraceuticals, or
pharmaceuticals (Devi & Kakati, 2013; Saravanan & Rao, 2010; Xiao, Yu, & Yang,
2011; Xiao, et al., 2014; Yeo, et al., 2005). Complex coacervation is a physicochemical
phenomenon whereby two oppositely charged polymers interact with each other as a
result of electrostatic attraction, which leads to phase separation into a polymer-rich
phase (concentrated with both polymers), and a polymer-depleted phase (is rich in
solvent) (Turgeon & Laneuville, 2009). If one of the polymers is a strong polyelectrolyte,
the polymer-rich phase forms solid precipitate, otherwise, liquid coacervate phase forms
with both polymers showing mobility (de Kruif, Weinbreck, & de Vries, 2004). The
dense viscoelastic polymer-rich phase is referred to as the coacervate phase (de Kruif, et
al., 2004; Schmitt & Turgeon, 2011; Turgeon, Schmitt, & Sanchez, 2007). In our
previous work, we showed that micron-sized hydrogel microspheres could be formed by
complex coacervation of gelatin and pectin, and that these particles had potential for use
as texture-modifiers to replace fat droplets or starch granules (Wu, et al., 2014). The
texture-modifying abilities of coacervates have also been reported in earlier studies
(Laneuville, Paquin, & Turgeon, 2000, 2005; Schmitt, et al., 2011). In addition, a number
of studies have shown promising results for encapsulating flavor compounds using
coacervation (Xiao, et al., 2011; Xiao, et al., 2014; Yeo, et al., 2005). Therefore,
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coacervation may be suitable to create fat mimetics to tackle the loss of texture and flavor
problems that are commonly associated with reduced fat or carbohydrate foods.
In this study, gelatin and octenyl succinate modified starch (OSA starch) were
used to prepare hydrogel particles. Gelatin is a water-soluble protein produced by
hydrolyzing collagen under acid or basic conditions (Djagny, Wang, & Xu, 2001).
Gelatin has been used to replace fat in many food products, because it can form thermalreversible gels with a melting point around body temperature, which can be used to
mimic the creamy and spreadable attributes of fat (Mosca, et al., 2012). Gelatin has been
widely studied for complex coacervation. Indeed, the combination of gelatin and gum
Arabic was one of the first systems used in experimental studies of complex coacervation
(de Jong & van de Meer, 1942; Schmitt, et al., 2011).
OSA starch is a surface-active molecule due to the hydrophobic octenyl succinate
group attached to the hydrophilic starch molecule (Figure 9.1)(Shogren, et al., 2000).
Because of the free carboxylic groups present in octenyl-succinate chain, OSA starch is a
polyelectrolyte that can carry negative charges at certain pH values (Nilsson &
Bergenstahl, 2007). It is widely used in the food industry as an emulsifying and
encapsulating agent. Due to the abundance of raw material and relatively easy
production, OSA starch is believed to be more cost-effective than ingredients such as
gum Arabic (Dokic, et al., 2008). Yeo, et al. (2005) have demonstrated that using gelatin
and gum Arabic, micron-sized particles could be formed to encapsulate and control the
release of flavor compounds. To the authors’ knowledge, no work has previously been
carried out to form coacervates using gelatin and OSA starch. It is thus interesting to
examine if OSA starch has similar functional properties as gum Arabic in forming
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coacervates with gelatin. The purpose of this study was therefore to characterize the
formation and properties of coacervates formed from OSA starch and gelatin. This
information may be useful for designing fat droplet or starch granule mimetics using lowcost healthier ingredients.
9.3 Experiment Methods

9.3.1 Materials
Commercial Type A gelatin (derived from pork skin, gel strength 100 Bloom, and
30 mesh) was a gift from Gelita USA (Sergeant Bluff, IA). Octenyl succinic anhydride
modified starch (OSA starch) was provided by Ingredion (Bridgewater, NJ). The protein
dye Rhodamine B was purchased from Sigma-Aldrich (St. Louis, MO). All other
chemicals, including hydrochloric acid (HCl), sodium hydroxide (NaOH), and sodium
azide were purchased from Sigma-Aldrich (St. Louis, MO). It is noted that sodium azide
was used as an anti-microbial agent in this research study, but is unsuitable for food use.
All solutions were prepared with double distilled water.

9.3.2 Preparation of gelatin and OSA starch stock solutions
Gelatin stock solutions (1 wt%) were prepared by dispersing gelatin powder in
double distilled water and stirring for one hour at 35 °C. Stock solutions of OSA starch (4
wt%) were prepared by dissolving the powder in double distilled water and stirring
overnight to enable complete hydration. The stock solutions were stored at 4 °C prior to
further usage. Sodium azide at 0.02 wt% concentration was added to the stock solutions
to prevent microbial growth. The pH of the stock solutions was adjusted by addition of
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HCl or NaOH solutions when needed. If necessary, double distilled water was added to
dilute biopolymer concentrations.

9.3.3 Determination of conditions for gelatin-OSA starch coacervation

9.3.3.1 Influence of pH on the ζ-Potential of the gelatin and OSA starch molecules
Gelatin (0.5 wt%) and OSA starch (4 wt%) solutions with a range of pH values
(pH 3 to 7) were prepared by addition of HCl or NaOH solutions. The ζ-potentials of the
biopolymers was then measured at these different pH values as described in Section
6.3.5.

9.3.3.2 Effect of OSA starch concentration on complex coacervate formation
A series of gelatin-OSA starch mixtures with 0.5 wt% gelatin and various
amounts of OSA starch (0.3 to 1.2 wt%) were prepared by mixing OSA starch, gelatin
stock solutions and double distilled water at 300 rpm at room temperature. The final
mixture was adjusted to pH 5.0 by adding small aliquots of HCl solution. The samples
were kept stirring at 300 rpm at room temperature (25 °C) for 48 hours prior to further
analysis. The ζ-potential, turbidity, and particle size distribution were measured as
described in Sections 6.3.5 to 9.3.7.

9.3.4 ζ-Potential measurement
The electrical characteristics (ζ-potential) of the particles in the samples were
determined using a commercial micro-electrophoresis instrument (Zetasizer NanoZS,
Malvern Instruments, Ltd., Worcestershire, UK). Samples were directly placed into a
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folded capillary cell (Malvern Instruments, Ltd., Worcestershire, UK) that was loaded
into the instrument. The refractive index, viscosity, and relative dielectric constant of the
continuous phase were 1.330, 0.8872 mPa s and 78.5, respectively, as provided by the
instrument software database (version 6.30, Zetasizer, Malvern Instruments, Ltd.,
Worcestershire, UK). The typical refractive index and absorption index of protein were
used for the particles (1.450 and 0.001, respectively), which were also provided by the
instrument database. The instrument software was used to calculate the ζ-potential
measurements from the electrophoretic mobility results.

9.3.5 Turbidity measurement
The turbidity of the samples was measured using a UV-Visible spectrophotometer
at a wavelength of 600 nm (Evolution Array, Thermo-Scientific, Waltham, MA). Double
distilled water was used as a blank reference. The appearance of the samples was also
recorded by taking a photograph using a digital camera (Panasonic DMC-ZS8, Panasonic,
NJ).

9.3.6 Particle size determination
The size distribution of the coacervate particles was determined by static light
scattering (Mastersizer 2000, Malvern Instruments, Ltd., Worcestershire, UK). Samples
were introduced into an optical measuring cell (Hydro 2000 SM, Malvern Instruments,
Ltd., Worcestershire, UK) containing pH-adjusted double distilled water (pH 5.0) without
pre-dilution. Measurement was carried out at a stirring speed of 1200 rpm. The resulting
light scattering spectra were analyzed by the instrument software (Mastersizer 2000,
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version 5.60) using Mie theory (ISO, 2009). The refractive index for the continuous
phase (water) was set as 1.33 (ISO, 2009), and the refractive index and adsorption value
for the dispersed phase was set as 1.45 and 0.001, according to the optical parameters of
proteins as provided by the software database. In reality, the refractive index is likely to
be considerably smaller than this value because of the appreciable amount of water
trapped within the hydrogel particles.

9.3.7 Microstructure characterization
The microstructure of the coacervate particles was observed by Differential
Interference Contrast (DIC) and confocal microscopy (Nikon micro- scope D-Eclipse C1
80i, Nikon Corporation, Melville, NY, US). For DIC images, a 40× objective lens along
with a 1.0× camera zoom was used to observe the specimens. DIC microscopy images
were captured using a CCD camera (CCD-300-RC, DAGE-MTI, Michigan City, IN,
USA), and were processed by digital image processing software (Micro Video
Instruments Inc., MA, USA).
For confocal images, a protein dye, Rhodamine B, was used to locate gelatin
molecules in the mixture and confirm the formation of hydrogel particles. Prior to
observation, Rhodamine B stock solution (0.05 % w/v in water) was added to the gelatinOSA starch mixture at 5 µl/g of mixture. A small aliquot of dyed sample was pipetted
onto a microscope slide, and then covered with a cover slip. A 40× objective lens along
with a 1.0× camera zoom was used to view the specimens. After the image was focused,
Rhodamine B was excited with a 543 nm Melles Griot helium-neon Laser (Model 05LGO-193, Melles Griot, Carlsbad, CA) and detected in the 605 nm channel (HQ
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605LP/76m). All images were taken and processed using the instrument’s software (EZCS1 version 3.8, Nikon, Melville, NY).

9.3.8 Statistical analysis
Each individual sample was measured in triplicate for all analyses and all the
experiments were repeated at least twice using freshly prepared samples. The mean and
standard deviations were then calculated from this data.
9.4 Results & Discussion

9.4.1 Influence of pH on the electrical properties of gelatin and OSA starch
In this section, we investigated the pH dependence of the electrical properties of
gelatin and OSA starch molecules since this information can facilitate the identification
of optimal pH conditions for the formation of electrostatic complexes. As the pH
increased, the charge of gelatin molecules dropped from +22.4 to +3.0 mV (Figure 9.2).
The type A gelatin has an isoelectric point (pI) around pH 7 to 9, which explains the
positive charges on the gelatin molecules at pH 3 to 7 observed in this study (Djagny, et
al., 2001; Wu, et al., 2014). The charge on the gelatin molecules decreases as the pH
increases due to conversion of –NH3+ groups to –NH2 groups (reduced positive charge)
and of –COOH groups to –COO- groups (increased negative charge). OSA starch, on the
other hand, was negatively charged across the tested pHs (Figure 9.2): it had a relatively
neutral charge at pH 3 (-0.5 mV), and it became more negative as pH increased (-19.4
mV). The anionic nature of OSA starch has been reported before (Miao, et al., 2014;
Nilsson, et al., 2007; Shogren & Biresaw, 2007), which is mainly attributed to the
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carboxylic group from OSA (-COO-). At high pH, the protons dissociate from the OSA
group leading to a high negative charge, while at low pH, the carboxylic groups are either
fully or partially protonated leading to a neutral or slight negative charge. These
measurements showed that gelatin and OSA starch had charges of opposite signs at pH 3
to 7, therefore complex coacervation, as a result of electrostatic attraction, can occur
between these two biopolymers within this pH range. In this study, pH 5 was selected to
be the final pH of gelatin-OSA starch mixture, since the charges on both molecules (+8.7
mV for gelatin and -13.5 mV for OSA starch) had fairly similar magnitude but opposite
sign at this pH, indicating the possibility of strong coacervate formation.

9.4.2 Influence of OSA starch concentration on the electrical properties of gelatinOSA starch mixture
In this series of experiments, a range of solutions was prepared with the same
gelatin concentration but increasing amounts of OSA starch. A stock gelatin solution (pH
5.2) was mixed with a series of OSA solutions (pH 5.7) to form these mixtures, and then
the final solution was adjusted to pH 5.0. Because complex coacervation is primarily a
result of electrostatic attraction between the two different biopolymers, the ζ-potential of
the mixture was measured to examine the impact of gelatin-to-OSA starch ratio on the
coacervation process and to identify the optimal ratio for maximum coacervate
production. At room temperature, we observed that gelation of the gelatin solution
occurred when the concentration exceeded 0.5 wt%, and so used a gelatin concentration
of 0.5 wt% in the remainder of the studies. This concentration was used to ensure that the
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particles formed were a result of complex coacervation between the two biopolymers,
rather than due to self-association of the gelatin molecules.
The ζ-potential of the gelatin-OSA starch mixtures decreased with increasing
OSA starch concentration: the ζ-potential of the complex changed from + 8.6 mV to 11.8 mV as the OSA starch content increased from 0 to 2 wt%, while the neutrality was
reached at OSA starch concentration of 0.4 wt%, as seen in Figure 9.3. These results
confirmed the electrostatic interaction between positively charged groups on gelatin
molecules and negatively charged groups on OSA starch. At low OSA starch levels, there
were insufficient anionic groups on the OSA starch molecules to fully neutralize the
cationic groups on the gelatin molecules. The gelatin molecules therefore dominated the
overall electrical characteristics of the mixed systems. These gelatin molecules may have
been present as electrostatic complexes or as free molecules. When OSA starch
molecules were in excess, all the positive charges on the gelatin molecules were
neutralized, and so the OSA starch molecules dominated the overall charge of the system.
Again, the OSA starch contributing to the electrical charge may have been present within
complexes or free in the aqueous phase. The maximum coacervate formation is typically
a consequence of the most intense electrostatic interactions between the two biopolymers,
which typically occurs when the electrical charge of the complexes is nearly neutral, i.e.,
the charge stoichiometry ratio of positive to negative groups is close to unity (Kizilay,
Kayitmazer, & Dubin, 2011; Schmitt, et al., 1999). These results indicate that the
optimum mass ratio for maximum coacervate formation of our system was about 4:5
OSA starch-to-gelatin. It should be noted that at pH 5, OSA starch molecules had fairly
similar (slightly higher) charge magnitude as gelatin molecules (-13.5 mV and +8.7 mV,
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respectively), therefore, nearly equal amount of polymers were required to reach charge
neutrality. We postulated that there might be an inversely proportional relationship
between the mass ratio and the ζ-potential ratio of the two polymers, since the amount of
OSA starch required to neutralize gelatin is dependent on their charge density difference
and charge density is related to ζ-potential (Kizilay, et al., 2011). Because charge density
of polymer is regulated by pH, it can be expected that at other pHs, the optimum OSA
starch-to-gelatin ratio for maximum coacervate formation will be changed accordingly.

9.4.3 Effect of OSA starch concentration on the turbidity of gelatin-OSA starch
mixtures
The turbidity of a mixed biopolymer system is often a consequence of phase
separation resulting in the formation of particles that scatter light (Schmitt, 2009;
Turgeon, et al., 2007). In general, the turbidity of a colloidal suspension is dependent on
the wavelength of light, particle size and concentration, and refractive index contrast
(Ducel, et al., 2004; Guzey & McClements, 2006). Turbidity measurements on the
gelatin-OSA starch mixtures can thus provide information about coacervate formation,
which can be used to identify the optimal conditions for coacervation. The gelatin
solution (0.5 wt%) was completely transparent at pH 5 (i.e., zero turbidity) (data not
shown). The turbidity of pure OSA starch solution, on the other hand, increased with
OSA starch concentration (Figure 9.4), which is likely due to the presence of insoluble
starch particles and/or the formation of self-assembled starch micelles that scattered light.
The turbidity of the gelatin-OSA starch mixtures increased sharply as the OSA starch
concentration increased until it reached a peak around 0.4 wt% OSA starch. The
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turbidity then dropped as the OSA starch content was progressively increased up to 1.2
wt%, above which it maintained a relatively constant value (Figure 9.4). These turbidity
changes are a reflection of the particle formation and growth mechanism of coacervation,
which are governed by electrostatic attraction between the two polymers involved
(Kizilay, et al., 2011; Schmitt, et al., 2011). Previous studies suggest that soluble
complexes are first formed between the two polymers that act as nuclei, which then
merge together to form large coacervate particles that may phase separate (Turgeon, et
al., 2007). At a fixed pH, the electrical properties on the two polymers are fixed, and so
the coacervation process is mainly determined by the ratio of the two polymers. At low
OSA starch, there are insufficient anionic groups on the starch molecules to neutralize the
cationic charges on the gelatin molecules (Figure 9.3), leading to the formation of soluble
complexes and low turbidity. The maximum turbidity occurred when there was sufficient
OSA starch to neutralize the charges on the gelatin, which occurred at an OSA starch-togelatin ratio of 4:5. This ratio coincided with the value at which charge neutrality was
obtained (Figure 9.3). When the OSA starch content exceeded this ratio, the hydrogel
particles formed had a net negative charge, thereby generating a strong electrostatic
repulsion that inhibited further particle growth. Consequently, the turbidity dropped as
the OSA starch concentration increased. The fact that the turbidity remained relatively
high at high OSA starch concentrations, suggests that some hydrogel particles or other
particulate matter remained.
After 48 hours of storage undisturbed at room temperature, the biopolymer-rich
phase settled to the bottom of the tubes as whitish viscous liquid (Figure 9.4b),
confirming the formation of dense liquid coacervate phase, rather than solid precipitate.
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9.4.4 Effect of OSA starch content on the microstructure of the coacervate particles
The particle size distribution of the coacervates was measured using static light
scattering, and the results are reported as mean particle diameter in Figure 9.5. When the
OSA starch concentration was below 0.3 wt% or above 1.2 wt%, the coacervate size and
concentration were too small to make reliable light scattering measurements, and so only
data at 0.3-1.2 wt% OSA starch is reported. The particle size in this region was strongly
influenced by OSA starch concentration: the largest particles (D3,2 = 13.0 ± 1.3 µm) were
produced at 0.4 wt% OSA starch and 0.5 wt% gelatin (i.e., OSA starch-to-gelatin ratio =
4:5); the particle size then dropped to about 4.8 ± 0.1 µm as the OSA starch concentration
increased to 1.2 wt%. In addition, as the OSA starch concentration increased, the
distribution peak had a wider span, indicating the particles became more polydispersed.
The influence of OSA starch concentration on particle morphology was visualized
using differential interference contrast (DIC) microscopy and representative microscopic
images are shown in Figure 9.6. These images show that spindle to oval-shaped particles
were formed. Selected samples were also analyzed using confocal microscopy with the
gelatin molecules being stained with a protein dye, i.e., rhodamine B (Figure 9.6b inset).
The oval-shaped particles had a bright red color indicating that they contained relatively
high amounts of gelatin. In agreement with the particle size measurements (Figure 9.5),
the largest particles were formed at 0.4 wt% OSA starch and 0.5 wt% gelatin (Figure
9.6b). When the composition was different from the optimal value, the size and
concentration of the particles were smaller (Figure 9.6a, c, d). In addition, the particles
appeared to be aggregates with irregular dimensions when the OSA starch content
increased beyond the optimal value (e.g. Figure 9.6d), which explains the increased
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polydispersity observed in Figure 9.5a. The observed changes in particle size with
changes in OSA starch content were in line with the turbidity measurements (Figure
9.4a). These results again confirmed that the largest particle size was achieved when
electric neutrality was reached (Figure 9.3).
It should be noted that the coacervate particles did not form immediately after
mixing of the two polymer solutions i.e., there were no visible particles under the
microscope and the particles could not be measured by light scattering. Instead, the
samples were kept stirring at 300 rpm at room temperature (25 °C) for 48 hours until the
particles could be observed by microscopy or measured by light scattering, which is
different from previous studies with other biopolymers (Devi, et al., 2012; Wu, et al.,
2014). This phenomenon may be related to changes in the conformation or association of
the gelatin molecules during storage, e.g., there may have been a slow self-association of
the gelatin molecules within the hydrogel particles that stabilized them. In addition,
unlike previous studies where the two mixed polymers had similar charges initially (both
negative) and then the pH was adjusted to induce coacervation (Wu, et al., 2014), in this
study the OSA starch and gelatin carried opposite charges (positive and negative) when
they were mixed. Due to the abruptness of the interaction, the initial complexes were
probably formed randomly and non-stoichiometrically (Turgeon, et al., 2009). There may
have therefore been some rearrangement of the coacervate structure over time to reach
the final microstructure.
The morphology of the coacervates formed in this study were spindle to oval
shaped, rather than spherical as reported for other coacervate systems containing gelatin
(Devi, et al., 2013; Wu, et al., 2014). There are a number of possible reasons for this
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phenomenon. First, the gelatin molecules may have formed extended helical structures
that acted as templates for coacervation leading to non-spherical particles being formed
(Figure 9.7a). Second, the gelatin-OSA starch interaction may be a polyelectrolytemicelle interaction, rather than polyelectrolyte-polyelectrolyte interaction (Kizilay, et al.,
2011). In other words, OSA starch molecules were present in micelle-like structures that
cross-linked a number of gelatin molecules together (Figure 9.7b). In this case, the
presence of micelles may have important consequences for practical applications, e.g.,
encapsulating flavor oils or other lipophilic active agents for protecting and controlled
release (Kizilay, et al., 2011). Third, the coacervates may have become elongated during
the stirring process, and then gelation locked the structures formed into place. Further
studies are clearly needed to elucidate the formation mechanism and microstructure of
gelatin-OSA starch coacervates. In addition, investigations on the rheological properties
and encapsulating ability of the coacervates are required to evaluate its potential as a fat
droplet or starch granule mimetic.
9.5 Conclusions
Gelatin-OSA starch coacervates can be formed by controlling the electrostatic
interactions via pH adjustment. When the pH and gelatin content were fixed, the
concentration and size of the hydrogel particles were determined by the OSA starch
concentration. At pH 5, charge neutrality was reached when the OSA starch to gelatin
ratio was 4:5, which indicated that the maximum amount of coacervation occurred for
this composition. This ratio was confirmed by turbidity measurements that showed that
the mixture was highest when the net charge reached zero. Hydrogel particles with
diameters ranging from 5 to 13 µm was produced depending on the OSA starch content,
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with the largest particles being formed when the coacervation was maximum (i.e., OSA
starch to gelatin = 4:5). The particles had a spindle to oval shape that may be influenced
by the reaction conditions and by the molecular interactions between gelatin and OSA
starch. These micron-sized hydrogel particles may have potential to modify texture of
food products and to encapsulate flavor or bioactive compounds. Further studies are
needed to elucidate the microstructure and functionalities of the coacervates formed, and
to evaluable their feasibility to replace fat droplets or starch granules in foods.
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Figure 9.1. Chemical structure of octenyl-succinate anhydride modified (OSA)
starch. Adopted from (Shogren, et al., 2000).

Figure 9.2. Influence of pH on the electrical characteristics (ζ-potential) of OSA
starch (4 wt%) and gelatin (0.5 wt%) solutions. The ζ-potential of gelatin was
reproduced from (Wu, et al., 2014)
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Figure 9.3. Influence of OSA starch concentration on the electrical characteristics
(ζ-potential) of the complexes formed with 0 ~ 2 wt% OSA starch and 0.5 wt%
gelatin at pH 5.
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Figure 9.4. Influence of OSA starch concentration on the turbidity and the
formation complex coacervation of the mixtures formed with 0 ~ 2 wt% OSA starch
and 0.5 wt% gelatin at pH 5. Turbidity was measured by a UV-Vis
spectrophotometer (a.). The coacervation phase formed at 0.2 ~ 1.2 wt% OSA
starch were settled to the bottom after 48 hours of storage (b.)
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Figure 9.5. Particle size distribution (a) and Mean particle diameter (D3,2) (b) of
gelatin-OSA starch coacervates formed with 0.5 wt% gelatin and 0.3~1.2 wt% OSA
starch.
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Figure 9.6. Representative DIC microscopic images of coacervate particles made with 0.5 wt% gelatin and (a) 0.3, (b) 0.4, (c)
0.8 and (d) 1.2 wt% OSA starch. The inset in (b) is a representative confocal microscopic image in which the gelatin molecules
were marked with rhodamine B. All the microscopic images were taken after the biopolymer mixtures were stirred at room
temperature for 48 hours. All the scale bars are 50 µm in length.

Figure 9.7. Schematic representation of the possible interactions between gelatin
and OSA starch. Note: sizes are not proportional to the physical size of the
molecules.
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CHAPTER 10
10. SUMMARY AND OUTLOOKS
This thesis project has demonstrated that by controlling the pH, ionic strength and
biopolymer composition, we will be able to regulate the electrostatic interactions among
the colloidal components in the system. With the controlled electrostatic interaction, as
well as mechanical force and thermal processing, the microstructure of the colloidal
system can be carefully manipulated, which in turn help fine-tune the macroscopic
properties such as rheological behaviors and appearance. Consequently, the technologies
developed through this project have a great potential to create reduced-fat food products
with desirable sensory attributes.
Future work should be focused on the sensory analysis of the controlled
aggregation system and the hydrogel particles to evaluate their performance on
improving product texture. For the hydrogel particle-based fat/starch mimetics, there are
a few technical challenges/opportunities worth further investigation. First, it will be
interesting to identify approaches to control the melting point of the particles, so that they
can withstand environmental stress for different applications (e.g., use as delivery system
for hot versus cold beverage products). We had some success using glutaraldehyde to
chemically cross-link gelatin (data not included in this thesis), however, the chemical
agent may not be suitable for food applications. Other cross-linking agents such as
genipin or phenolic compounds may be good candidate for this purpose. Second, the
properties of hydrogel particle (especially the particle morphology) is very sensitive to
various processing parameters, therefore scale-up manufacturing may become a
challenge. Our study in Chapter 8 demonstrated that it was possible to mix both gelatin
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and pectin at low temperature and at final targeted pH for manufacturing; and simply
reheat the mixture at specific shear rate to form microspheres prior to use. It will
beneficial to test out the feasibility of this approach. Third, the present project focused on
using temperature as a trigger to deliver the melting mouth-feel; it will be interesting to
investigate the possibility of using other mechanisms to induce the particle “melting”. For
example, one may form hydrogel particles that are stable at certain pH value, and are
disintegrated when the pH is changed once they are mixed with saliva. Alternatively, one
may form hydrogel particles using OSA-starch and other proteins, so that the particles
can be partially hydrolyzed by α-amylase. Although starch is still used in this approach,
the starch content can be much less than using pure starch granules.
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